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Abstract
Dilatancy was measured during deformation at high temperature and 
variable pore pressures using a device which monitors the flow of fluid in or 
out of a specimen thus measuring the volume changes of the interconnected 
pore space. The measurements were taken on Carrara marble, Solnhofen 
limestone, Gosford sandstone and Anita Bay dunite at temperatures ranging 
from 298 K to over 1600 K and pore pressures between 30 and 270 MPa, 
while confining pressure up to 300 MPa was applied. The experimental 
results indicate that dilatancy can take place even in a ductile regime of 
deformation at high temperatures, provided that pore pressure to confining 
pressure ratio remains high. The experiments were executed at two strain 
rates (1 0 'V 1 and 1 0 'V 1) and the lengthy extrapolation seems to suggest that 
the role of dilatancy at geological strain rates would be significantly 
suppressed unless pore fluid is present at pressure close to or in excess of the 
confining pressure.
The permeability of the studied materials seemed to have also been 
enhanced by the deformation under the experimental conditions and in an 
attempt to measure it, a new laboratory technique was developed in which a 
sinusoidal pressure oscillation is induced in a fluid reservoir on one side of 
the sample. This oscillation travels through the sample and it is then 
monitored in the reservoir attached to the other end, where it is found to be at 
different phase and amplitude. An analytical solution has been found for an 
appropriate boundary value problem, which can then be used for the 
determination of the sample's permeability and relative storage capacity from 
the values of the phase shift and the ratio of the observed and forced 
oscillation. High resolution pressure transducers and driving electronics were 
developed along the way which together with the high resolving power of the 
technique, puts the lower bound on measurable permeability at around 
10'23m2.
The permeability and relative storage capacity was measured on both 
loaded and unloaded samples of Carrara marble, Solnhofen limestone and 
Gosford sandstone at temperatures up to 873 K and pressure conditions 
similar to the dilatancy experiment. It was found that the deformation 
enhances the permeability of the studied rocks greatly at all exercised 
experimental conditions, while the overall patterns of an initial compaction 
and the subsequent dilatation observed in the dilatancy experiment seemed 
to be reflected by the changes of permeability during the deformation.
Except when indicated otherwise, following symbols are used for physical 
quantities encountered frequently in the text:
symbol quantity dimension
A Area m 2
C Compressibility m3Pa_1
f Frequency, Flux s "1, m
K Hydraulic conductivity m 2P a 'V
L Length m
k Permeability 2m
<t> Porosity 1
V Poisson ratio 1
P.P Pressure Pa
G Shear modulus Pa
P Storage capacity m3Pa 1
ßN Storage cap. per unit volume P a 1
6 Strain 1
e Strain rate s ' 1
o Stress Pa
t time s
T temperature K
Viscosity, dynamic Pa s
Q Volume flow 3m
Q Volume flow rate w 3e-lm s
w Work J
E Young's modulus Pa
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1A. Preamble
It has now for long been recognised that the problems of rock deformation 
facing an earth scientist and an engineer alike are not those which can simply 
be solved by a substitution of a number of appropriate parameters into the 
solutions found from equations postulated by continuum mechanics. Although 
this is a very fruitful attitude in many problems of metallurgy, the circumstances 
accompanying the deformation of a rock, particularly in its natural 
environment, call for different considerations. Heterogenities and 
discontinuities on both macro and micro scale are more abundant in 
geological materials, the simulation of appropriate in situ conditions in the 
laboratory is in most cases more complicated and, in particular, the 
correlations between the laboratory and natural conditions require lengthy 
extrapolations usually not needed when working with metals.
One phenomenon which seems to be of outstanding importance is the 
nature, abundance, distribution and movement of fluids in the geological 
environment. The circulation of fluid in the Earth's crust is a vital factor in many 
phenomena including induced seismity, fault mechanics, the deposition of 
ores and oil, magma transport and heat transfer. Furthermore, the success of 
many engineering projects is dependent on an understanding of the role of 
fluids in the crust and the fluid-rock interaction. Thus natural geothermal steam 
is currently being harnessed for energy in several places of current volcanic 
activity throughout the world, but the abundance of these natural steam 
sources is very limited and also on a decline. To improve the current situation 
proposals have been submitted in which the energy from dry geothermal 
sources could be exploited by injecting water into those hot reservoirs which 
act as gigantic boilers from which steam or hot water could be tapped. Also 
the solution to a safe radioactive waste disposal is greatly dependent on 
taking into account the presence and activity of the fluids in the host rock. 
Such engineering tasks as well as the fundamental comprehension of the 
geological processes require that the role of fluids in the crust and the laws 
which govern their movement and distribution are understood.
The permeability of crustal rocks is considered by some to be relatively 
high - around 10'l6m2 even at 10 km depth (Brace (1980)). Nevertheless, the 
interconnected porosity might be reduced at depth by several processes 
including crack healing or sealing (Sprunt and Nur (1979), Batzler et 
al.(1980)) and plastic flow of the rock matrix (Brace (1980)). The kinetics of 
these processes are probably enhanced with increasing depth. Studies on 
changes of permeability during the flow of rock water through rock at various
2temperatures (Summers et al.(1978)) tend to support such a conclusion. On 
the other hand, there is strong evidence from microstructures, mass transfer, 
exchange of isotopes etc., which suggests that a large scale fluid movement 
through the rock does occur. To explain both types of observations a 
compromise must be sought between enhancement of permeabilty due to 
formation of new cracks and continuous "up-dating" of the conductive system. 
This proposition can be met when the pore fluid pressure exceeds the 
confining pressure or/and a crack productive deformation takes place. The 
influence of elevated pore pressure has been thoroughly discussed 
elsewhere (Etheridge et al.(1983), Etheridge et al. (1984), Atkinson (1984) 
and others).
Although the permeability of rocks has been widely studied, not many 
observations have been carried out during deformation. Dilatancy is attributed 
to the opening and formation of microcracks and the reorganisation in the 
grain configuration, which will ultimately control the permeability. Hence 
investigations into dilatancy and its significance for transport and rheological 
properties has been set as a main aim for this thesis.
3B. The aims and scope of this study
The scope and outline of this thesis departed significantly from the line 
initially proposed. It was originally intended that the work would consist 
primarily of investigations into the volume changes associated with 
deformation of polycrystalline materials at elevated temperatures, paying 
particular attention to 1. the interaction between the volume changes and 
stress-strain properties, an understanding of which can lead to greater 
confidence in elucidating the mechanisms of deformation, 2. the implications 
for the validity of the law of effective pressure at various experimental 
conditions; 3. the implications for the brittle-ductile transition and 4. the 
implications for the transport properties of materials as function of applied 
stress, pore fluid pressure, temperature, strain and strain rate. However, 
during the course of these experiments two things became apparent:
I. The microscopy needed to compliment the experimental programme 
proved to be more difficult and demanding than anticipated. There were a 
number of microscopical studies devoted to the deformation of the materials 
used in this work, in particular to the deformation of the grains themselves. 
Therefore very little could be gained by repeating these. The type of 
deformation experiments conducted during this study are different, though, 
due to the presence of pressurised pore fluid and the fact that it is a volumetric 
study, for which the most interesting processes take place along the inter- and 
intragranular cracks. It would therefore be extremely desirable to be able to 
study these under a microscope - optical and SE. Unfortunately, this proved to 
be an impossible task to accomplish within the time span available. The voids 
which one sees under a microscope are a mixture of those which were 
originally present in the rock, those which were formed during the sample 
preparation, those which were formed during the heating process, those 
produced by the deformation, those produced by cooling, those which were 
formed during the pressure release after the experiment and finally the not 
negligible proportion of cracks introduced during the preparation of the thin- 
section or polished surface. This situation was even further complicated by the 
presence of the pore pressure. Despite all the precautions taken during the 
depressurising, the difficulties encountered during the preparation of thin- 
sections seem to suggest that some of the pressurised fluid must have stayed 
trapped within the sample, causing a destruction of any coherence of the 
material during the preparation of the thin-sections. In particular, it was found 
to be close to impossible to prepare a decent thin-section from Carrara 
marble. In the case of the surface preparation for the purpose of SEM work,
4the situation was even further complicated by the addition of preferential 
etching. Ion-milling facility ought to be developed before any serious attempt 
for a comprehensive SEM work can be tackled.
Attempts were made to locate a substance of sufficiently low viscosity, 
which would penetrate the specimen and by polymerization or by freezing 
preserve the porous network created by deformation. These attempts failed 
because of the high viscosity and insufficient penetrability of lead, which was 
thought to be the most appropriate for freezing, and no substance was found 
which would polymerize under pressures above 50 MPa. Thoughts on the use 
of a radioactive marker introduced into the pore fluid (Spetzler (1986)) were 
abandoned for safety reasons.
II.  The implications for the permeability of the deformed specimens 
seemed to be so exciting that they called for a separate investigation and, 
taken from the end, some of the conclusions from the dilatancy experiments 
were arrived at by making fairly unsubstantiated assumptions about the 
permeabilities involved.
Approaching either of those problems represents a project on its own, so only 
one could be chosen. Since I felt that the measurements on permeability were 
more desirable (and attractive) and since there was the unique opportunity to 
carry out the development and building of the experimental apparatus here at 
the ANU, while the microscopy could be done at some later stage, I decided 
that part II of this thesis would be devoted to the development and a certain 
(limited) amount of application of the method of sinusoidal oscillation to 
measure the permeability and storage capacity of the studied rocks.
II,
5C. Preamble and historical setting
The substantial movement of fluids through rocks, which plays an 
important role in many geological processes as well as in some engineering 
applications, is restricted to interconnected pore space. The shape, 
distribution, total volume and connectivity of voids in rocks under natural 
geological conditions are constantly subject to changes due to applied stress, 
variations in temperature and variations of the chemical environment. 
Laboratory study of volume changes under controlled conditions should thus 
be very useful for our understanding of the general laws governing the 
movement of fluids through crustal materials. Furthermore, these volume 
changes are intimately associated with the processes, which lead to 
deformation, be it in brittle or ductile regime. Hence investigations into the 
volume behaviour of deformed rocks may significantly contribute to the 
development of our understanding of deformation processes, as well as to 
throw some light on the processes leading to destabilisation of larger faults 
and thus to cut another slot into the key to earthquake prediction.
Dilatancy is defined to be the inelastic increase of volume resulting from 
deformation of materials. It can be measured by immersing a sealed sample 
into the fluid in a reservoir of constant volume and monitoring the volume of 
fluid moving in or out from the reservoir while deforming the rock (dilatometric 
method); or by wrapping a sufficient number of strain gauges around the 
specimen and calculating the volume change from dimensional changes; or 
by maintaining a fluid at a given constant pressure in the pore space and 
measuring the amount of fluid moving in or out during the deformation of the 
specimen; or, finally, dilatancy can be estimated from indirect evidence such 
as, for example, change in velocities of elastic waves (Nersesov et al. 1971, 
Nur 1972)
Although the effect of dilatancy could have been observed for thousands 
of years by those who ever experienced walking along a beach or those who 
had a chance to touch a bag full of wet sand, it was not until 1886 that the 
phenomenon was recognized and the term dilatancy introduced by O. 
Reynolds (Reynolds, 1886). At his lecture delivered at the Royal Institution of 
Great Britain, Reynolds explained its nature and demonstrated the newly 
recognized property peculiar to granular masses by a classical experiment 
with a rubber bag full of sandy slurry. The bag was connected to a water 
reservoir and subsequently subjected to straining. As the sand in the bag was 
well shaken prior to the experiment, it was in a state of very close packing and 
hence any disturbance was to result in an increase of the bulk volume. This 
was detected by the decrease of the water level in the reservoir.
6Contrary to his nicely set demonstration, Reynolds did not appreciate the 
importance of dilatancy in geological conditions as his interest was apparently 
confined to an application in his mechanistic conception of the ether as 
applied to the development of a theory of gravitation (Reynolds, 1901).
But there were others who understood the geological consequences of 
dilatancy and more experiments and theoretical studies led a number of 
researchers to the recognition that even the deformation of brittle materials 
involves an increase in volume prior to their failure. Bucher (1923) discussed 
this matter in a consideration of the mechanical interpretation of joints and he 
quotes Chwolson, who gives a formula relating the magnitude of volume 
increase with Young's modulus and Poisson ratio and also experimental 
evidence for increase in volume accompanying uniaxial stress from tests 
conducted by Kahlbaum, Seidler, Lea and Thomas. Mead (1925) perhaps did 
not pay appropriate attention to the distinction between the two factors that 
contribute to the stiffening effect caused by dilatancy during deformation: 1. 
the work done by dilatancy against overall (confining) pressure and 2. the 
great increase in intergranular friction due to the fall in the pressure of the 
interstitial fluid, but he did show its far reaching geological significance. He 
suggested that dilatancy is important in introducing faulting and jointing, in the 
movement of fluids through the porous media and even spelt out a theory of 
magma formation, its intrusions and crystallization due to dilatancy.
Frank (1965), following and expanding Griggs and Handin (1961) and 
Orowan (1964), gives a detailed account of potential instability due to 
dilatancy and shows that it contains an intrinsic instability of the type needed 
for seismic faulting and that, if a pore fluid is present, dilatancy can provide a 
mechanism for larger earthquakes.
As the importance of dilatancy became more obvious and understood, 
more scientists attempted a quantitative description of it, mostly using indirect 
methods of estimation from measured changes in lengths and diameters of 
cylindrical specimens. Bridgman (1949) pointed out that considering a 
cylinder of mild steel plastically shortened to 0.05 of its initial length by axial 
stress of 70 GPa, the change of radius under these conditions assuming no 
change of volume, differs by only 0.07% from that which would be calculated 
assuming the full elastic change of volume corresponding to the stress. He 
presented a direct way of measuring volume changes during uniaxial 
straining using the dilatometric method.
Matsushima (1960) made similar observations of dilatancy in granite and 
showed that the effect also occurs at elevated confining pressures, although 
its magnitude decreases with increasing confining pressure. His observations 
were supported by work of Handin et al. (1963), who noticed a diminution in
7dilatancy with increasing confining pressure in dolomite in its brittle field. On 
the other hand, Brace, Paulding and Scholz (1966) working with granite, 
marble and aplite found that in these rocks the dilatancy prior to macroscopic 
failure did not decrease markedly with increasing confining pressure.
Brace et al. (1966) was the first dilatancy related attempt to elucidate the 
stages of development of microcracking leading to macroscopic fracture. They 
divided the deformation into four regions defined as follows (fig. C-1):
FRACTURE
Fig. C-1: The stages in crack development during deformation of Westerly granite.
After Brace et al. (1966)
Regions I and II are believed to be elastic and the volumetric behaviour 
here only reflects the elastic distortion of the individual grains and also slight 
adjustments of the matrix. Region III is placed between the stress required for 
the onset of dilatancy (C) and the start of widespread fracturing leading to a 
failure of the sample, which lies in the narrow zone IV.
Observations of a similar nature under both uniaxial and triaxial loading 
have since been published by many authors and it has been recognized that 
the occurrence of dilatation prior to macroscopic fracture is a common feature 
in brittle or semi-brittle polycrystalline materials, since it has been observed 
also in materials such as concrete (Bernston et al. 1971), ice (Gold, 1960) and 
cast iron (Coffin, 1950).
The effort of subsequent researchers was concentrated on establishing 
the stress level C  for the onset of dilatancy and the effects of temperature, 
strain rate and time on the dilatant behaviour of rocks. The onset of dilatancy 
has been found to be usually between one third and two thirds of the 
macroscopic fracture stress, but in some cases it was either earlier or very
8close to the fracture stress. Hadley (1973) showed that in granite and gabbro, 
below a certain confining pressure, C  is approximately equal to the stress for 
sliding on a shear failure. With porous rock, the definition of C  may be 
complicated by the occurrence of some compaction due to the collapse of 
pores under the deviatoric stress (Edmond, Paterson 1972; Green et al 1972; 
Ingles et al. 1973; Zoback, Byerlee 1975 a,b). In this case dilatancy can only 
be defined by a significant reversal of the trend in volume change.
Hadley (1975) did measurements up to 673 K and noticed that the amount 
of dilation increases in granite and the threshold stress C  decreases 
markedly with an increase in temperature. Studies on other materials at 
elevated temperatures as well as any studies conducted above 673 K were 
lacking so far. Dilatancy has also been observed to occur with time when the 
load is kept constant (Matsushima, 1960; Scholz, 1968; Wawersick, 1974) and 
correspondingly some authors (Brace et al., 1966; John, 1974) observed that 
a decrease in loading or strain rate can lead to greater dilation at a given 
strain and can lower the detected threshold stress C, even though the final 
fracture stress may not be much affected. Water-saturated rocks in uniaxial 
compression show more marked dilatancy at lower stresses than do dry rocks, 
but a lesser effect at stresses approaching fracture (Tomashevskaya and 
Volodina, 1976). Generally it has been agreed that the stress threshold C' 
marks the initiation of microcrack formation and propagation, as first 
suggested by Brace, Paulding and Scholz, (1966) and Bieniawski, (1967).
Microcracks that are opening at this stage of deformation are 
predominantly oriented parallel to the direction of loading as indicated by the 
increase in the linear compressibility in the lateral direction (Brace et al., 
1966). This has been confirmed by work of Mogi, (1977) who observed 
anisotropy in dilatancy at triaxial testing, which corresponds to crack opening 
and propagation parallel and normal, respectively, to the least compressive 
stress.
Not many studies have been devoted to dilatancy in the ductile field. 
Notable here is the work of Borg et al. (1960) and Handin et al. (1963), who 
used the method of constant pore pressure for the determination of volume 
changes in limestone, sandstone and dolomite deformed under effective 
confining pressure up to 150 MPa. Their results indicated a dilatant behaviour 
for all the materials for the lowest (20 MPa) effective confining pressure and 
when this pressure was increased, the rather porous limestone showed only 
overall compaction, while the dolomite became dilatant after an initial stage of 
compaction. Edmond and Paterson (1972) undertook a very thorough study 
on dilatant behaviour of a suite of rocks, both in the brittle and the ductile
9regime. They used the dilatometric method and it is their work which this study 
refers to the most.
The practical importance of dilatancy shown in the above mentioned work 
is of three kinds:
1. It helps to elucidate the mechanisms involved in the process of brittle 
failure of a rock including large scale failures such as earthquakes.
2. When a material is behaving macroscopically as a ductile one, studies 
on dilatancy give an insight into the relative importance of the processes of 
crystal plasticity and cataclastic flow.
3. The phenomenon of dilatancy plays a considerable role in geological 
processes such as metasomatism, ore deposition or other processes that 
depend on the permeability of the rock, as well as in some engineering 
applications like radioactive waste disposal and in some recent proposals for 
utilising the geothermal energy by injecting water into a hot dry rock.
D. Technique and experimental method
1. The apparatus and experimental method
We have chosen to utilise the movement of fluid in or out of the specimen 
for the determination of dilatancy. There are two intrinsic problems with this 
method. Firstly, we measure the dilatancy by adjusting the volume of the 
upstream reservoir in order to keep constant pressure in that reservoir. 
Therefore we rely on the sensitivity of the driving system. In our case it is a set- 
point controller, ie. an "on-off" switch, which operates in 100 KPa increments. 
However, this introduces only an offset corresponding to 50 KPa at worst. The 
second problem is more serious and its basis are two components: a) the very 
fact that we monitor a movement of fluid requires a pressure gradient across 
the sample. Thus, mainly because of the compressibility of the rock-pore fluid 
system and because of the possible variations of the gradient within the 
specimen, the amount of fluid passing through the upstream face of the rock 
specimen is not exactly equal to the volume changes within the sample, b) the 
fluid moving in or out of the sample only reflects the changes in the 
interconnected porosity.
It was suggested by Bernabe et al. (1982) that there is a threshold of 
porosity in hot-pressed calcite, below which the porosity can be considered to 
consist of isolated pores and above which the contribution of connected 
porosity becomes progressively important.
total porosity /%
Fig. D -l: The relation between unconnected and total porosity in sintered calcite.
(After Bernabe et al.(1982)).
Although this threshold will necessarily vary from rock to rock, it is 
reasonable to assume that for most geological materials such a threshold 
does exist. Therefore a dilatation will eventually result in the enhancement of 
both the total porosity and the connectivity of pores, hence presumably 
increasing the permeability of the sample and the above mentioned
drawbacks of the method will become less important. Compaction, on the 
other hand, will, following the same line of reasoning, worsen the situation.
In order to put some quantitative constraints on the errors associated with 
the limited permeability, we can, under certain assumptions and 
simplifications, assemble a partial differential equation (PDE), whose solution 
for appropriate boundary conditions will describe the pressure history within 
the sample as a function of position and parameters of the sample and the 
pore fluid - see Appendix.
The solution of that PDE has been found in the form:
Q
p = —
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where
• Tl Qj
and a
T1 a.
aj and Qx are the factors in the relation between the rate of volume changes 
and pressure, which must be determined experimentally.
Since this solution is valid for any value of a, a short analysis is of interest: 
When a is negative, the steady state part of the solution will be expressed in 
terms of hyperbolic functions and the transient part will converge quite rapidly 
to zero for any realistic values of the parameters used. The negative a has 
thus a "self-stabilising" effect - as we compress the voids in the specimen, the 
pressure increases, which in turn slows down the rate of compression. When 
a is positive, depending on its magnitude, two situations can be encountered: 
1. if a < 7c2 / 4L2 the infinite series will vanish with time due the exponential 
terms and the solution will reduce to
p (2)
Q
a
2. If a > n2 / 4L2, the pressure is, due to the compression, generated at too 
great a rate for its removal to be possible and there is no steady state 
situation. This is, however, of little worry for us, since this situation is hardly 
applicable to our experiment.
A numerical evaluation of the steady state solution (2) is presented by fig. 
D-2 and it will be dwelt upon later in section E.2.
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Fig. D-2: Pressure distribution in a 20mm long sample during a dilatancy test. Plotted for 
various permeabilities (lg k).
Fig. D-3a shows the schematic arrangement of the apparatus used and 
fig. D-3b the details of the specimen assembly, which is in principle similar to 
the one described by Paterson et al (1982).
The specimen, the end pieces and the alumina pistons are 
accommodated in an iron jacket that 1. holds the assembly together, 2. 
separates the confining and pore fluid systems. The specimen and the end 
pieces (spacers) are further enclosed in an inner copper sleeve, the function 
of which is 1. to provide a tighter seal around the specimen’s cylindrical 
surface and 2. to distribute the temperature more evenly along the length of 
the specimen. The whole jacketed assembly is then placed in a pressure 
vessel, with argon as the pressure medium, usually at 300 MPa. Axial loading 
is provided by means of a hydraulic jack via a yoke and steel piston
extensions and the load thus generated is registered by an internal load cell. 
The deformation is monitored by a linear variable differential transducer 
(LVDT) placed between the yoke and the frame of the apparatus. Temperature
servo-control
unit
pressure
gauge
pressure vessel
furnace
confining pressure
specimen
load cell
a
alumina piston
jacket
argon
perforated spacer 
sealing sleave 
specimen 
blank spacer
Fig. D-3: The experimental set-up
is controlled by a resistance furnace presently able to generate and maintain 
temperatures up to 1700 K. ( For a detailed description of the deformation 
apparatus see Paterson (1970)) The pore fluid is introduced to the specimen 
via tubing through the piston assembly and it is distributed across the 
specimen's face by the upper end piece. The downstream end piece is blank. 
The pore fluid pressure is monitored by a pressure transducer and displayed 
in digital form with resolution of 100 KPa (1 bar). Information of the same 
resolving power is fed into a set-point controller connected to the motor 
driving the piston in the volume monitor back or forth in order to keep the pore 
fluid pressure at the preset level. The volume changes are then calculated 
from the changes in the output of an LVDT, which is attached to the end of the 
piston-screw assembly. The temperature is sensed by a Pt/(Pt+13%Rh) 
thermocouple positioned ca 5 mm above the upper face of the specimen.
During the initial stages of an experiment a number of useful behavioural 
observations can be made. The procedure is as follows:
I. Room temperature experiments: After assembling the experimental set­
up, the confining pressure is applied first. Then the pore fluid is introduced at a 
pressure close to the desired one and the fine adjustments are done by 
positioning the piston in the volume monitor. The system is then left for about 
an hour to settle down. During this initial stage, information concerning the 
interconnected porosity prior to deformation is collected. At first there is a rapid 
delivery of fluid into the specimen (fig. D-4), which diminishes slowly over a 
period of 30 - 45 mins. Part of this change with time is attributed to the cooling 
of the fluid, adiabatically heated during pumping and it has been determined 
experimentally using a nonporous dummy specimen. The remainder of the 
delivered gas is consumed by filling up the accessible pore space. A 
deformation at a given strain rate is subsequently initiated.
2  15 :
1500
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Fig. D-4: The gas uptake during the initialising of an experiment. Line a is the total displacement 
measured, line b corresponds to the volume delivered to compensate for temperature equilibration.
II. Elevated temperature experiments: When a confining pressure has 
been applied, the temperature is raised to a chosen level at a rate of about 5 
K/min. Then the pore fluid is released into the specimen, its pressure is 
promptly adjusted and the filling up process is observed, which, contrary to the 
previous case, is obscured by the volume changes associated with heating of 
the pore fluid medium. Heating the specimen prior to introducing the pore fluid 
is done in order to minimise the cracking due to anisotropy and differential 
thermal expansion. An axial loading at a given strain ratet is then applied.
At the end of some experiments, the straining was stopped in order to 
record the history of relaxation.
t see § strain rate on page 18
2. Choice of materials and sample preparation
The choice of materials reflects the aim of this work, which has been to 
further our understanding of the fundamentals of rock deformation, especially 
in relation to transport properties of materials in general, rather than to answer 
any questions concerning a particular application. The materials treated in this 
study are: Carrara marble, Solnhofen limestone, Gosford sandstone and Anita 
Bay dunite, all chosen because of their mineralogical simplicity and known 
mechanical properties from previous work. We used argon as pore fluid for its 
low viscosity and chemical inertness, avoiding at this stage the complications 
of the presence of a chemically active fluid such as water.
Carrara marble: Specimens were cored from the block used by Edmond 
and Paterson (1972), which is a fairly isotropic, unfoliated rock with grain size 
of about 100 pm. The grains show no effect of previous deformation, although 
the marble has certainly been deformed in its geological setting (Camignani et 
al., 1978). Any deformation features must have been overprinted by a regional 
metamorphism, its density has been determined to be 2690 kg/m3 and the 
initial porosity 1.1%. The summary is presented in table I.
Table I: Materials used
Density Porosity Pre-deformation porosity
(kg/i?.) (%) 298 K 473 K 673 K 873 K 1073 K
0.6 0.7 0.5 at 50 MPa
Carrara
marble 2690 1.1 0.8 0.7 0.4 0.3 - at 150 MPa
1.1 1.4 0.9 - - at 250 MPa
5.6 5.8 2.7 1.4 at 50 MPa
Solnhofen
2560 6.2 5.8 6.7 _ 1.5 at 150 MPa
limestone
6.0 8.1 3.0 1.1 - at 250 MPa
12.0 7.2 6.2 3.4 at 50 MPa
Gosford
sandstone 2450 15.2 14.0 12.3 8.6
7.1 - at 150 MPa
14.5 - 9.6 8.1 - at 250 MPa
Solnhofen limestone: This is also the same material as used by Edmond 
and Paterson, a fine grained lithographic limestone believed to be Solnhofen 
limestone. The grainsize is very uniform (measurements show a range from 7
to 12 pm) and it is a very pure calcitic rock. The initial porosity is higher, about 
6-7%.
Gosford sandstone: One more rock from the Edmond and Paterson 
collection. It is a slightly anisotropic and foliated rock consisting of quartz and 
feldspar grains cemented in clay and mica. The grain size is relatively 
nonhomogeneous, ranging from 50 to 400 pm. There are no signs of preferred 
crystallographic orientation or previous deformation. The initial porosity is 
13%
Anita Bay dunite: Material cored out of the identical block used by
Chopra (1981) and Chopra et al. (1984). It is a rock of fairly uniform grainsize 
of about 150 pm, but grains as small as 30 microns can be found in the matrix 
as well as occasional orthopyroxene porphyroblasts up to a few milimeters 
and grains of garnet. The rock is slightly foliated by the flattened olivine and 
the orthopyroxene porphyroclasts.
All the specimens were cylinders about 20 mm long and 10 mm in 
diameter. They were cored out of a single block perpendicularly to the foliation 
planes wherever applicable; where no obvious bedding is visible, all the 
cores are drilled parallel to each other. The end faces of the cylinders were 
ground to be perpendicular to the cylinder axis to ± 5 pm. All specimens were 
dried for at least 48 hours in an oven at 383 K immediately prior to an 
experiment.
3. Data processing
The aim for the data processing stage has been to produce sets of plots, 
in which stress vs strain, relative volume change (RVC) vs strain and RVC vs 
stress are related. On these plots and on the remarks on any behavioural 
observations made during the experiments, the discussion is based. I do not 
put error bars on the graphs because a quantitative description of the errors 
involved is very approximate and therefore I feel that a brief account of errors 
and uncertainties is more meaningful.
Stress: Load is determined with a typical resolution of ±100 N. Stress is 
then calculated taking into account the progressive increase in the cross- 
sectional area due to axial shortening, assuming a constant volume and a 
homogeneous change in diameter along the length of the specimen and 
correcting for the load supported by the jacket at any particular strain.
Strain: The data for strain calculation is obtained from an LVDT which 
registers the changes in the relative position of the yoke and the frame of the 
pressure vessel. The displacement is measured with a resolution of ±2.5 pm
and is corrected for apparatus distortion. Strain is then calculated from those 
corrected values as a "true" strain i.e. e = In (I / \J.
2  -4 ■
30
Load /KN
Fig. D-5: The volume corrections due to the loading o f the piston-specimen assembly.
Volume: The displacement of pore fluid volume is measured with a 
resolution within ±0.1 mm3 and is corrected for apparatus distortion and the 
changes associated with the difference in temperature between the specimen 
and the volume monitor. By apparatus distortion I understand the volume 
changes associated with the partial closure of the gaps between the adjacent 
parts of the loaded piston-specimen assembly. It has experimentally been 
determined on a blank glass sample and plotted in fig. D-5.
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Fig. D-6: The thermal expansion o f argon for various pressures
800 1000 1200
Temperature /K
1400 1600
Since there is, at least to my knowledge, no single work covering the 
thermal expansion of argon over the range of conditions encountered in this 
study, the data for the difference in temperature correction was compiled from 
numerous reports covering overlapping segments (Michels et al.(1949), 
Robertson et al.(1968), Liebenberg et al.(1974), Vidal and Lallemand (1979), 
Vidal et al.(1979), Kortbeek et al.(1985) The data used for the correction is 
shown in fig. D-6.
Temperature: Because of the experimental arrangement we cannot scan 
the temperature distribution along the length of the specimen during the 
experiment. We therefore must rely on the stability of the temperature profile. 
The confidence in such "faith" has been maintained by frequent recalibrations 
of the furnace using an internal thermocouple sliding inside of a hollow 
dummy (tungsten carbide) specimen and thus mapping the thermal gradient 
along the sample. From these observations it is estimated that the temperature 
does not vary by more than 1-2 K along the rock sample.
Strain rate: I assign a particular value to the strain rate at which a 
deformation experiment was run, creating a rather misleading impression that 
the experiments were done under a constant strain rate. In most cases the 
deformation was driven by a motor at a constant speed and in a few some 
attempts were made to manually adjust the motor speed in order to 
approximate a constant strain rate deformation. A proper constant strain rate 
experiment would have to take into account the compressibility of the 
hydraulic system, the apparatus distortion and the changes in the length of the 
specimen during straining. Driving an experiment at a constant motor speed 
would thus lead to overestimation of the real strain rate in the initial stages, 
because of the compressibility of the hydraulic system which exerts the axial 
load and because of stretching of the deformation apparatus itself and it would 
lead to underestimation later, when the sample has significantly shortened. 
Hence the values mentioned throughout the text are just approximate 
nominal values for real strain rates, which should lie between 0.6 and 1.2 of 
the nominal value.
All the data for the calculation of the required variables are read from a 
chart recorder output. Some error is thus introduced into the plots relating the 
variables by the error in reading and due to the "time window" in which 
readings were taken. This error depends primarily on the paper speed and on 
the magnitude of the time derivation. In our case it is well within 1% in the 
stress estimation at any particular strain and less than 0.1% in the volume 
estimates. Moreover due to its random character it should not significantly 
affect the overall picture.
E. Experiments and discussion
The experiments were run at strain rates of 10'4 s '1 and 10'5 s"1 and 
temperatures ranging from 293 to 1613 K. The pore pressures were varied 
between 30 and 280 MPa and the confining pressure kept at 300 MPa in most 
cases. In some experiments, however, the pore pressure was zero and the 
confining pressure reduced to a lower value to provide data for checking on 
the validity of the law of effective pressures (Brace and Martin (1968)). 
Because of the large number of experiments performed, it would be 
impractical to present every o vs e curve separately. Instead I have chosen to 
illustrate the general trends with some examples and to show the extremes. 
The rest are summarized in synoptic diagrams constructed as snapshots at 
particular strains
1. Experimental results 
a.Carrara marble
- o - -4/298
■o- -5/298
-4/473
-Är -5/473
- I - -4/673
-W- -5/673
-4/873
-5/873
Fig. E -l: Stress vs pore pressure; taken at e = 10%. -5/873 means strain rate 10'5 s '1 
and temperature 873 K.
Stress-strain: The first thing to note on figures E-1 and E-3a,b is that the 
strength of Carrara marble is sensitive to pore pressure right up to 873 K. It 
can also be seen that all of the curves at and above 473 K appear to be those
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of a ductile material. The influence of strain rate on the stress - strain 
relationship seems to be enhanced at higher temperatures and the influence 
of pore pressure tends to be more important at the lower strain rate, with the 
exception of the room temperature experiments, in which the tests performed 
at a strain rate of 10-4 S'1 show a very strong effect of the pore pressure, 
especially at the high pore pressure end of the spectrum. Fig. E-3c shows the 
relaxation of stress after the termination of straining. It is worth noticing that the 
rate of relaxation is quite high even at room temperature. A visual inspection 
of the deformed specimens shows that while the samples deformed at low 
effective confining pressures are strongly barrelled, the increase in effective 
pressure results in an almost ideal cylindrical shape except very near the 
ends, where there is an obvious influence of the contact friction. This feature 
has also been previously observed by Edmond and Paterson (1972).
Carrara marble
Pore pressure /MPa
-o- -4/298 
-5/298 
-A- -4/473 
-5/473 
-4/673 
-5/673 
-4/873 
-5/873
Fig. E-2: Relative volume change vs pore pressure; taken at e = 10%. 
-5/873 means strain rate 10"5 s '1 and temperature 873 K.
Volume-strain relationship: As in the case of previous studies on the 
volume changes associated with deformation of polycrystalline porous 
materials, the most obvious feature of the volume change vs. strain plots is the 
transition from compaction to dilatation towards larger strains. By examining 
figs E-2 and E-4a,b the marked increase in the initial compaction becomes 
immediately apparent, a feature which, unlike in the case of Solnhofen 
limestone, is preserved to 873 K when higher pore pressures are maintained. 
It is also noted that both the rate of dilatation after the compaction stage and
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Fig. E-3a: Carrara marble. Confining pressure 300MPa; temperature 293K; strain rate 
lO s^"1; variable pore pressure. Dotted line shows the behaviour at confining 
pressure of 150MPa and zero pore pressure
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Fig. E-3b: Carrara marble. Confining pressure 3()0MPa; temperature 673K; strain rate 
10'4s-1; variable pore pressure
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Fig. E-4a: Carrara marble. Confining pressure 300MPa; temperature 293K; strain rate 
10'4s_1; variable pore pressure
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Fig. E-4b: Carrara marble. Confining pressure 300MPa; temperature 673K; strain rate 
lO ^s '1; variable pore pressure
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the total volume increase achieved are quite high. Even at 873 K the volume 
changes are appreciable. This extends the observation made by Edmond and 
Paterson that this rock tends to stay dilatant even at elevated effective 
confining pressures. The excursion of the room temperature-higher strain rate 
curve (fig. E-4) towards higher dilatancy is consistent with the sudden drop in 
stress seen in fig.E-1 and it coincides with the development of a narrow shear 
zone and subsequent "dog-legging" of the sample. This type of deformation 
leads to an irregular shape of the specimen, making it extremely hard for the 
jacket to seal. Hence the data might be subject to quite a large error.
b. Solnhofen limestone
Solnhofen limestone
-D- -4/298 
-o- -5/298 
-A- -4/473 
-5/473 
-+- -4/673 
-5/673 
-4/873
Fig. E-5: Stress vs pore pressure; taken at e = 10%. -5/873 means strain rate 10'5 s '1 
and temperature 873 K.
Stress-strain relationship: Figs E-5 and E-7a,b show the large effect of 
pore pressure on the stress-strain behaviour of this material at room 
temperature. The brittle-ductile transition, correlated with a transition from a 
well defined peak stress to continually rising curves, takes place at an 
effective confining pressure of about 150 MPa and that is also supported by 
microscopic observations, where widely and uniformly spread fracturing tends 
to get localised into one well defined shear zone at pore pressures in excess 
of 150 MPa. The influence of pore pressure decreases rapidly with rising 
temperature, so that at 673 K and above, all the specimens exhibit the same 
resistance to the deformation which is independent of applied effective 
confining pressure and also independent of strain at strains above 5%.
22
Scanning electron microscopy of slightly etched specimens reveals that twin 
lamellae develop at room temperature experiments at effective confining 
pressures in excess of 100 MPa and at all pressures in the case of elevated 
temperature tests.
Solnhofen limestone
Pore pressure /MPa
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Fig. E-6: Relative volume change vs pore pressure; taken at e = 10%. 
-5/873 means strain rate 10'5 s_1 and temperature 873 K.
Volume related observations: (Figs. E-6, E-8a,b) In agreement with our 
intuition, we see an increase of compaction with moderate increase of 
temperature (the heating prior to deformation causes opening of new cracks 
due to the anisotropy in thermal expansion of the calcite grains); this gradually 
reverses with a further rise of temperature which is responsible for a 
weakening of the grains and subsequent collapse of voids. The volume 
changes are again strongly dependent on the pore pressure and temperature, 
but even at 673 K a volume increase results from a deformation at high pore 
pressures. It was also apparent from microscopical observation (by 
comparison of deformed and undeformed specimens) that the internal 
microcracking revealed by "post-mortem" examinations of deformed 
specimens is probably mostly caused by heating rather than straining. Fig E-9 
shows a relation between volume changes and stress which results from 
deformation. Although the effect is not always as instructive as in this case, we 
see clearly the lowering of the stress for the onset of dilatancy with increasing 
pore pressure and an opposite effect of temperature. Also, once the dilatation 
occurred, no significant increase in stress results from further deformation.
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Fig. E-7a: Solnhofen limestone. Confining pressure 300MPa; temperature 293K; strain 
rate K H s' 1; variable pore pressure
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Fig. E-7b: Solnhofen limestone. Confining pressure 300MPa; temperature 673K; strain 
rate 10'4s_1; variable pore pressure
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Fig. E-8a: Solnhofen limestone. Confining pressure 300MPa; temperature 293K; strain 
rate k H s-1; variable pore pressure
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Fig. E-8b: Solnhofen limestone. Confining pressure 300MPa; temperature 673K; strain 
rate lO ^s '1; variable pore pressure
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Fig. E-9: Solnhofen limestone. Confining pressure 300MPa; temperature 293K; strain 
rate lO ^s'1; variable pore pressure
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c. Gosford sandstone
Gosford sandstone
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5.0 -
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Fig. E-10: Stress vs pore pressure; taken at e = 10%. -5/873 means strain rate 10'5 s"1 
and temperature 873 K.
Stress-strain relationship: The three most prominent features of the 
stress-strain diagrams shown in figs E-10, E-12a,b are that 1. the effects of 
temperature are far more pronounced at high pore pressures than at low pore 
pressures; 2. the effects of strain rate are generally negligible except at 873 K 
and 1073 K and 3. in contrast to the previous two cases concerning calcite 
rocks, increasing temperature tends to enhance the influence of pore 
pressure. Further, it is observed that the transition from a failure controlled by 
a single fracture to wide spread microfracturing is more obvious from 
microscopic examinations than one might expect from the appearance of the 
stress-strain curves. A visual examination of deformed specimens also reveals 
that significant barreling accompanies deformation under all performed 
experimental conditions. In no case has a uniform cylindrical shape been 
produced.
Volume-strain relationship: The examination of the volume related plots 
(figs E-11, E-13a,b) shows, in agreement with table I., that the rising 
temperature tends either to reduce the initial porosity or at least to reduce the 
degree of connectivity of pores already present. The amount of compaction in 
the early stages of deformation diminishes with an increase in temperature,
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with the exception of the two high effective pressure runs at 873 K and SR of 
10'V1 This combination of pressure and temperature also produced an
Gosford sandstone
Pore pressure /MPa
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Fig. E - l l :  Relative volume change vs pore pressure; taken at e = 10%. 
-5/873 means strain rate 10'5 s'1 and temperature 873 K.
anomaly on the other side of the pressure range, resulting in unusually high 
dilatation. The rate of the increase of dilatation with pore pressure seems also 
to be lowered with increasing temperature. The influence of strain rate does 
not seem to be significant with the exception of the room temperature 
experiments, where a somewhat more pronounced effect, especially in the 
compaction stage, can be pointed out.
d. Anita Bay dunite
A series of experiments on Anita Bay dunite was performed at strain rate 
of 10-4 s-1 and temperatures from 1273 K to 1613 (+) K. It should be stressed, 
though, that an error of unknown origin and only approximately estimated 
magnitude affected the temperature readings during this set of experiments. 
Indications are that this error developed gradually over the time during which 
the experiments were taken, which makes appropriate correction very difficult. 
The temperatures mentioned thereafter were obtained by recalibration of the 
"faulty" thermocouple after the error was realised. The real temperatures could 
have been as much as 50 K higher than quoted.
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Fig. E-12a: Gosford sandstone. Confining pressure 300MPa; temperature 293K; strain 
rate K H s' 1; variable pore pressure
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Fig. E- 12b: Gosford sandstone. Confining pressure 30()MPa; temperature 673K; strain 
rate 10'4s_1; variable pore pressure
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Fig. E-13a: Carrara marble. Confining pressure 300MPa; temperature 293K; strain rate 
ICHs'1; variable pore pressure
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Fig. E -l3b: Gosford sandstone. Confining pressure 3(X)MPa; temperature 673K; strain 
rate lO ^ s '1; variable pore pressure
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The experimental set up and procedure are very similar to what has been 
described D.1., with the exception of alumina spacers used instead tungsten 
carbide ones and the omission of the inner copper sleeve.
Many researchers have investigated the effects of water on the rheology 
of both natural and synthetic olivine aggregates (eg. Cater and AveLallemant 
(1970), Blacic (1972), Post (1977), Goetze (1978), Justice et al. (1982), 
Chopra and Paterson (1981,1984), Poumellec and Jaoul (1984), Mackwell et 
al. (1985), Karato et al. (1986)) and it has been concluded that water 
significantly influences both deformation regimes (see Karato et al. (1984)), ie. 
grainsize sensitive and insensitive, by intragranular effects as well as by 
enhancement of diffusion rates. Therefore a particular procedure of sample 
preparation was followed throughout the experiments. The samples were 
cored from a slab of Anita Bay dunite used by Chopra (1981), parallel to his 
cores. They were then dried in an oven at 383 K for a couple of weeks prior to 
an experiment, but this treatment does not effect the water contained in the 
layer silicate minerals, which is released at high temperatures. The 
experiments were therefore run under "wet" conditions.
Stress-strain: The results of the deformation experiments are shown in 
figs E-15a-d. The first dominant feature of the stress-strain relationship is the 
marked influence of temperature seen in fig E-14.
1273 K
400-
1383 K
1453 K
10
Strain /%
Fig. E-14: The temperature activation of the deformation of Anita Bay dunite. Deformed at a 
constant strain rate of 10'4s_1, confining pressure 300 MPa, pore pressure 0.
The stress at which a "steady state deformation" is achieved is inversely 
proportional to temperature. Chopra (1981) also observed that the strains at 
which this "steady state" is reached decreases with increasing temperature; 
this conclusion however, does not seem to be obvious in this study. Apart from 
the thermal activation we also see a pronounced effect of pore pressure,
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which persists to 1383 K and diminishes almost completely at 1453 K. In 
comparison with the work of Chopra (1981) and Chopra et al (1984), the 
stresses attained in this study are generally somewhat lower than those 
quoted by Chopra (mainly at lower temperatures). This difference is almost 
removed at 1273 K when no correction for the jacket strength is applied; 
however at higher temperatures the disagreement persists and it is probably 
due to poor temperature estimation during this set of experiments. Also note 
that the higher temperature runs are more prone to the crossing over of the 
stress curves at low strains, as previously observed by numerous 
experimentalists on various materials (eg. Paterson (1967), Rutter(1972), 
Edmond and Paterson (1972)). This feature is missing in the 1613 K series, 
where a work-hardening regime took place at about 6% strain in the 
experiment where pore pressure of 250 MPa was maintained.
In no case throughout the experimental range was a uniform nonbarrelled 
and symmetrical deformation achieved. Even the 250 MPa of effective 
confining pressure applied at 1613 K resulted in a barrelled specimen with 
measurable dog-legging. This was particularly bad in the specimens 
deformed at 1273 K, where the final offset of the two ends of the specimen 
was almost 0.5 mm.
Volume-strain relationship: (Figs. E-16a-d) It is seen that the volume 
change history follows the same pattern (even though it is smaller in 
magnitude) as in the case of the two carbonate rocks and the Gosford 
sandstone. Surprisingly though, measurable changes in the connected 
porosity were detected even during the deformation at 1613 K. However, 
since we are considering very small changes of volume, the contribution of 
errors can be relatively high, in particular in view of the fact stated in the 
previous paragraph that the deformation was always nonuniform and resulted 
in irregular shapes, which can be difficult for the iron jacket to seal even at 
these temperatures.
It can also be noted that while the final amount of dilatation reached is 
always the greatest for the highest pore pressures (with the exception of the 
1613 K experiments), the amount of initial compaction is the greatest for the 
highest pore pressure at 1273 K and is the greatest for the lowest pore 
pressure at 1613 K, where it persists to almost 10% of total strain. It is also of 
interest that the peculiar crossing of the 250 and 150 MPa curves at 1613 K 
appears to be consistent with similar feature observed in the a vs e 
relationship.
ANITA BAY P. CONF. S.RA T£
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Fig. E-15a: Anita Bay dunite. Confining pressure - 300MPa; temperature 1273K; strain 
rate - lO ^s'1; variable pore pressure
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Fig. E-I5b: Anita Bay dunite. Confining pressure - 300MPa; temperature 1383K; strain 
rate - lO^s"1; variable pore pressure
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Fig. E-15c: Anita Bay dunite. Confining pressure - 300MPa; temperature 1453K; strain 
rate - K H s"1; variable pore pressure
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Fig. E -l^d : Anita Bay dunite. Confining pressure - 300MPa; temperature 1613K; strain 
rate - lO ^ s '1; variable pore pressure
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Fig. E-16a: Anita Bay dunite. Confining pressure - 300MPa; temperature 1273K; strain 
rate - K H s'1; variable pore pressure
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Fig. E- 16b: Anita Bay dunite. Confining pressure - 300MPa; temperature 1383K; strain 
rate - lO ^s'1; variable pore pressure
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Fig. E-16c: Anita Bay dunite. Confining pressure - 300MPa; temperature 1453K; strain 
rate - lO ^ s '1; variable pore pressure
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Fig. E-16d: Anita Bay dunite. Confining pressure - 300MPa; temperature 1613K; strain 
rate - lCHs"1; variable pore pressure
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2. Discussion
a. General
The numerous previous studies concerning dilatancy and permeability of 
polycrystalline rock aggregates indicate that the volume changes observed 
during deformation are the product of competition between processes which 
tend to close pre-existing porosity and those which open new void systems. It 
has also been demonstrated (Edmond and Paterson (1972)) that dilatancy 
persists into a macroscopically ductile regime, where mainly cataclasis was 
held responsible for the positive changes in volume. The results of this study 
extend this observation to elevated temperatures and evidence seems to 
suggest that even plastic processes can lead to opening of void spaces. The 
extent of their contribution is, however, difficult to asses quantitatively and 
whether phenomena such as cavitational creep, known in metals, occur in 
geological materials is yet to be demonstrated. One could expect though, that 
such cavitation should be confined to a grainsize scale and therefore result in 
less connectivity than brittle fracturing or cataclasis. Therefore the quantitative 
evaluation of such dilatancy is obscured by the dependence of the method on 
the limited permeability. In any case, this drawback would only lead to 
underestimation of the pore volume.
The choice of materials and experimental conditions reflects the desire to 
conduct experiments in the brittle field as well as in the ductile field and 
particularly throughout the brittle-ductile transition in order to provide some 
answers to the questions concerned with the mechanism of deformation such 
as: is the deformation controlled by one mechanism and if it is not, what is the 
relative contribution of the individual mechanisms?, is the law of effective 
pressure applicable?, can any quantitative constraints be put on the brittle- 
ductile transition in terms of, for example, the relation of effective confining 
pressure to flow stress?.
Five basic mechanisms are considered to be involved in a deformation: 1. 
elastic distortion, 2. brittle fracture, 3. cataclasis, 4. crystal plasticity and 5. 
diffusional processes. The last three are usually considered to belong to the 
ductile field or perhaps to the "macroscopically ductile" field, since cataclasis 
is a product of brittle fracturing on a microscopic scale.
Cataclastic flow is a process which results in permanent deformation due 
to microfracturing of the deformed material into fragments which then are 
displaced relative to each other. Hence it is a process similar to the flow of 
granular masses such as loose sand. The important aspect of cataclasis is
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that it offers a resistance to deformation which is proportional to the friction 
between the sliding grains and therefore is strongly pressure dependent. 
Another aspect is that because of the reorganisation of the grains, cataclasis 
results in volume changes, the significance of which is twofold: Firstly, it is a 
diagnostic characteristic (necessary but not a sufficient one) for cataclasis; 
secondly, particularly on application to triaxial testing of jacketed specimens, it 
complicates our interpretation of the stresses achieved. For, when deforming a 
material which allows cataclasis to be present, work has to be done to 
overcome the resistance that the confining pressure puts to the volume 
changes resulting from such deformation, as first recognised by Frank (1965) 
and applied by Brace et al. (1966)
Sticking to a convention that strains are positive when contraction takes 
place, be it in linear or volumetric sense, it is clear that
dW = (a + p) dSj + 2p d^ = o de1 + p dev (1)
where o=g 1- ct3, p is the confining pressure and and e3 are the strains in the 
axial and radial directions respectively, is the the work done by the agent 
deforming the specimen. Hence the parameter gw can conveniently be taken 
as the measure of the resistance to deformation, if
dW de„
aw = -----= a + p -----
dEj d6j
(2)
The first derivative of gw with respect to dej 
do da d2e
----- = ------+ p -------
de1 de, de.
(3)
thus signifies the work hardening or the change of the resistance to 
deformation as the deformation proceeds. So the second term on the right- 
hand side of the last expression describes the part of the work done "against" 
the confining pressure. It is easy to see then that this term could lead to 
apparent work hardening when deformation is accompanied by an increasing
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rate of dilatation and to apparent softening when the rate of dilatation is 
decreasing. It is of particular importance to realise the significance of the 
confining pressure itself in this relation. Since the p in the last expression is 
actually the difference between the confining and pore pressures in an 
experiment where pore fluid under pressure is present, the change in this 
difference will result in apparent work hardening/softening even when the 
actual stress and curvature of dilatation stay constant.
The foregoing discussion has also some implications for the stability 
aspects of deformation. According to Drucker (1960), a material will deform in 
a stable manner, if an increment in deformation requires a positive increment 
of work, unless a geometrical instability such as necking is present. It means 
that even when the stress-strain curve is falling during an experiment, the 
localisation of the deformation into a shear zone resulting in a failure does not 
have to happen, provided that the volume changes or changes in the acting 
confining pressure produce actual work hardening due to the term p(d28v/de*)
This type of analysis was adopted by Edmond and Paterson (1972).
Ruling oui the processes driven by diffusion, the other agent controlling 
the deformation in a ductile manner is crystal plasticity, which results in a 
permanent deformation and involves slip or twinning within the grains or the 
combination of both. It is usually assumed (eg. Paterson (1978) that these 
processes, in contrast to cataclastic flow, result essentially in isochoric 
deformation, but that assumption, under certain conditions not uncommon in 
geological materials, does not have to be true. This argument follows from the 
simple requirement on strain compatibility of the individual grains. If no 
volume change should take place during a deformation, then the grains of the 
deformed rock must fit together as well as those of the undeformed one. But 
because a rock is an aggregate containing a large number of possible 
orientations of the individual grains, a homogeneous deformation requires 
that any grain can undergo any arbitrarily prescribed strain. However, if the 
deformation is achieved along slip planes, von Mises (1928) has shown that 
the above requirement can only be met when there are at least 5 
independent slip systems present in any of the grains. This constraint of von 
Mises can be partly relaxed by allowing heterogenities of deformation to be 
present or to a lesser extent by accommodating a proportion of the 
deformation by elastic distortion (Paterson (1978)). However this process 
cannot result in any strain associated with significant volume changes, which 
can only be explained by the assistance of cataclasis.
So it can finally be said that slight volume changes accompanying a 
deformation do not necessarily imply the presence of cataclasis, whilst the 
sensitivity of the stress-strain relationship does.
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Another diagnostic character to which I will refer is the ratio of "residual" to 
yield stress and the rationale behind its usage is as follows: For the sake of 
mechanistic analysis I replace the three contributing processes - elastic 
distortion, plastic deformation and cataclastic flow by spring, dash-pot and a 
friction plate connected in series in a simple table top model.
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(A better model would perhaps be two series systems - spring and dash-pot and spring and 
friction plate - connected in parallel, but this one serves the purpose of the intended 
demonstration)
When the straining agent commences a deformation at a given speed, the 
spring alone would respond with a resistance directly proportional to the 
amount of deformation achieved at any point in time, irrespective (to the first 
approximation) of the speed of the deformation. The friction plate alone would 
respond by an instantaneous jump to a resistance level independent of a 
strain and the dash-pot with an instantaneous build-up of a resistance level, 
which would be proportional to the speed of deformation. However, the load 
cell, measuring the response of the whole system, will only record the 
resistance of that part of the system which responds to the deformation first. 
So it will first be the spring, which will at some later stage be replaced by 
either the friction plate or the dash-pot or by a combination of both. The place 
at which this transition occurs is the yield point and the stress at that point is 
the yield stress. At this point it is important to realise the difference between 
the contribution of the dash-pot and the friction plate to the amount of 
deformation. While the friction plate simply will not allow any movement 
unless a prescribed force is applied, the dash-pot will always move with a 
speed determined by a some function of force. Now if the dash-pot was 
missing in the system and we terminated the deformation at any point of strain 
the load cell will hardly notice it and will read a load determined by the tension 
on the spring. If the dash-pot was active, on the other hand, the load cell 
would surely notice it because part of the tension on the spring would be 
released by the advance of the dash-pot. I call the "residual" stress the 
vaguely defined point on the stress-strain curve to which the stress drops 
"instantaneously" after the termination of straining and use the ratio of this 
residual stress to yield stress is an indication of how important a role the time
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dependent component of plastic processes, such as creep, played during the 
deformation of a material.
b. The law of effective pressure and the brittle-ductile transition
Carrara marble: Although it has been recognised in previous studies on 
Carrara marble (eg. Rutter (1974), Schmid et al. (1981)) that the main part of 
the deformation of this material is accommodated by plastic deformation of the 
individual grains even at low temperatures, when a high confining pressure is 
maintained, it must be concluded from the high sensitivity of the stress-strain 
curves, from the high ratio of the residual to yield stress and from the high 
dilatation which the rock undergoes that cataclastic flow must have played a 
significant role at least as a rate determining factor at the temperature of 298 K 
and 473 K for both strain rates. However, when pore pressures around 150- 
200 MPa is maintained, the amount of dilatation seems to suggest that 
cataclasis is the main deformation mechanism which is at even higher pore 
fiuid pressures replaced by brittle fracturing on a larger scale resulting 
eventually in a shear fracture. The lack of any substantial initial compaction is 
in agreement with low initial porosity. The fact that at 673 K, perhaps 
surprisingly, the sensitivity to the effective confining pressure persisted, even 
though to a much lesser extent, indicates that cataclasis is still an active 
deformation mechanism, but a fast rate of relaxation after the termination of 
straining suggests that it has just a minor influence on the stress-strain 
behaviour, being even less important at the slow strain rate. The lack of a 
reliable microscopical analysis is felt severely here, but the few preliminary 
observations on two thin-sections of actually deformed specimens and on one 
which was heated and cooled only show that there is no evidence for 
substantial cracking of the grains. The porosity determined from the thin- 
section was quite consistent with the volume changes determined by the 
experiment; it was actually 4.5% higher, but the porosity of the specimen 
which had undergone the heating and cooling cycle only was also some 5% 
higher than that of a virgin rock. However this information is not very 
trustworthy, since any attempt to produce a good thin-section from deformed 
Carrara marble failed because of a nearly total lack of coherence between the 
grains, caused probably by the post-experimental effects associated with the 
very high anisotropy in thermal expansion of the calcite grains and also very 
likely assisted by the presence of the pressurised pore fluid. According to 
Boland (personal communication), who attempted to do a thorough 
microscopical investigation into the deformation of Carrara marble, it seemed 
to be impossible to distinguish between the syn-deformation and post-
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deformation features in the microstructure. Nevertheless, he was able to have 
at least some thin-sections made, which suggests that in our experiment the 
destruction of the coherence was assisted by the pore fluid pressure. This in 
turn leads to an important conclusion, that the pore fluid was thoroughly 
distributed throughout the sample, thus making some implications for the 
connectivity of pores. Alas, we still do not know whether this connectivity was 
present during the experiment or whether it was enhanced by the cooling 
process. We can only speculate on this question from the difference between 
two experiments executed at the same effective confining pressure (ECP) of 
150 MPa but at different confining pressures. The one which was run at a 
confining pressure of 150 MPa (dotted line in fig. E-3a) resulted in lower 
stress, implying that the spreading of the pore fluid into the newly created 
voids could not keep up with with the rate of their formation at the strain rate of
10V1.
In an attempt to locate the brittle-ductile transition (BDT) one usually seeks 
the conditions which allow the stress to be maintained at a constant level 
during the deformation. Thus Edmond and Paterson (1972) put the BDT for 
Carrara marble deformed at room temperature and the strain rate of about 
4x10'V1 somewhere between 50 and 100 MPa.of ECP. The appearance of 
the range of the stress-strain curves in this study, would put this limit at 100 
MPa, but considering that our level of dilatation is somewhat lower at this 
pressure than measured by Edmond and Paterson, it can be suggested that 
there was not an adequate communication between the dilating pores and 
hence the BDT could be even higher. This argument seems to be supported 
by the appearance of the deformed specimen, which even at 100 MPa shows 
some signs of unstable deformation (strong barrelling and pronounced dog- 
legging, perhaps an onset of a shear fracture). We may resolve this conflict by 
attempting an analysis in terms of the work done on the specimen. Expression 
(3) was derived under the assumption that p remains independent of strain. If 
we now allow the acting or effective confining pressure to change locally with 
the deformation we get instead of (3)
dow
dSj
do dp dev d ev
—  + —--------+ p -------
de. de. de. de2i 1 1 i
(4)
What we can say qualitatively about this expression is that in the case of 
dilatation the second term on the right hand side of (4) will always be
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negative, thus decreasing the work hardening rate in comparison with da/de! 
or expression (3). Hence it is possible that even when the load-shortening 
(stress-strain) curve is rising the rock actually undergoes a work softening, 
thus resulting in unstable deformation. However, I know nothing about the real 
pressure history within the sample and the experimental support at this stage 
is not adequate to allow me to go any further beyond this speculation.
Solnhofen limestone: When comparing the room temperature stress-strain 
curves for Solnhofen limestone with those previously published by Edmond 
and Paterson (1972), a little paradox is apparent; we note that the stresses 
reached at 5% strain in the latter work are somewhat lower than in this study. 
Even while deforming at a strain rate of 10'5 s '1, our stresses are higher than 
those measured by EP, who used a strain rate one and a half orders of 
magnitude higher. However, the situation is reversed at 20%, when high pore 
pressures were maintained. This peculiarity could be explained by the 
assumption that at high effective pressures a significant proportion of the 
porosity is isolated or the permeability is suppressed to a very low value 
during the initial compaction (see D.1.), so that the flow of pore fluid cannot 
keep up with the rate at which new cracks are formed. This results in areas of 
the sample which experience higher effective pressure - we observe dilatancy 
hardening as previously reported by Brace and Martin (1968). This means that 
at lower strains our specimens are deformed at effectively higher confining 
pressure, thus making them appear stronger. Nevertheless, at higher strains 
and high pore pressures the total porosity is high enough to guarantee 
sufficient connectivity and permeability for this effect to disappear. This 
hypothesis seems to be supported by the few experiments in which, with no 
pore pressure applied and an appropriate strain rate maintained, the results 
showed good agreement with previous work. Rutter (1972), who was 
investigating the applicability of the law of effective pressure (disputed by 
Heard (1968)) for Solnhofen limestone and water, arrived at a similar 
conclusion to Brace and Martin (1968), i.e. that the applicability depends on 
the strain rate and the extrapolations using the law of effective pressure are 
only valid at strain rates of 10'6 s"1 or lower. Since there is no marked 
difference in the viscosities of water and argon at the pressures above 100 
MPa, there is no reason, why the applicability of the law of effective pressure 
should be extended to higher strain rates.
The remarkable difference between the volume changes observed at 
strain rates of 10'4 s '1 and 10~5 s '1 is quite surprising, but since every point in 
the fig. E-6 represents one experiment done on a different sample and since
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those dots seem to maintain a trend it is believed that the difference is real. It 
might be explained by the faster strain rate crushing and sliding the grains 
along each other at a much faster rate than the plastic processes can relax, 
thus resulting in a shift upwards of the whole length of the volume-strain curve, 
but the magnitude of the shift is puzzling.
We also do not see the tendency, previously observed by Donath and 
Fruth (1971) and Rutter (1972a), to work-harden faster at a slower strain rate 
thus leading to a larger stress at 10% strain at a strain rate of 1 0 'V 1 than 
when deforming at a strain rate of 10'4 s"1. This may be caused by the high 
compaction rate which characterises the slower strain rate and which, when 
the permeability is inadequate, would lead to a local drop of the effective 
confining pressure and hence weaken the rock. One could argue, however, 
that this might then result in higher dilatancy and rectification of the effect...
The pronounced decrease in the final volume change and the increase in 
compaction during the early stage of deformation at 473 K at all pore 
pressures might be expected from the high pre-deformation porosity shown in 
table I  (page 15). The high thermal anisotropy of calcite would tend to 
produce additional cracks, yet the rock is still strong enough, at this 
temperature, to support the effective confining pressure applied.The excess 
porosity is then closed by deformation processes, which, from the appreciable 
pressure sensitivity of the stress-strain relationship, are characterised by a 
strong influence of cataclastic flow. This hypothesis might give support to 
some conclusions made in the recent work of Fredrich and Wong (1986), who 
studied thermally induced cracking in the Oak Hall limestone and observed, 
contrary to their theoretical prediction, that SEM did not reveal any intra or 
inter-granular cracking due to heating of this material to 573 K and 873 K. 
They concluded that at these temperatures the internal stresses associated 
with the thermal expansion anisotropy are relaxed by plastic flow in this fine 
grained limestone.
Rutter (1974) pointed out the increased sensitivity of the strength of 
Solnhofen limestone to the strain rate at elevated temperatures. This appears 
to be in a general agreement with our observations, with the exception of the 
473 K runs, where the trend seems to be reversed at lower pressures. This 
anomaly could again be explained by the speculation that if there is any 
porosity due to the thermal expansion present prior to straining, closure of this 
porosity, which is strain rate independent, will dominate the resistance to 
deformation.
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Gosford sandstone: The mechanical results, namely the strong pressure 
dependence of the stress-strain curves as well as the high ratio of the residual 
stress to the yield stress and the significant volumetric changes which this rock 
undergoes during a deformation, point to cataclasis as the main deformation 
mechanism, in the absence of a major brittle fracture. It has been suggested 
by Edmond and Paterson (1972) that the deformation of this rock is 
accomplished by a granular flow of felspar and quartz without much influence 
of the cement. The results of this study tend to confirm their interpretation and 
extend it into temperatures up to 1073 K. One observation is perhaps worth 
closer attention here: At 873 K the stress-strain curves for the experiments 
conducted at 230 and 250 MPa of pore fluid pressure started dropping very 
rapidly after reaching the yield point, suggesting a formation of a centralised 
shear zone and unstable type of deformation. However, the curves stabilised 
at about 6-7% of strain and this position corresponds to the change of the sign 
of the second derivative of the corresponding volume-strain curves. The 
deformed specimens, though, showed no signs of any developed shear zone 
and were deformed into a fairly uniform cylindrical shape. Although this 
observation should be supported and confirmed by at least some 
repeatability, before any serious conclusions are drawn, it could be pointed 
out that this discrepancy between the shapes of the stress-strain curve and 
the deformed specimens could be explained once again by adopting the 
analysis from the point of view of the work done on the specimen. If in this 
case, a sufficient communication between the pores was maintained during 
the experiment, evidence of which will be presented later, the effective 
confining pressure p remained constant and we can turn to expression (3), 
from which we can easily see that it is possible that a rock undergoes a work 
hardening even though the stress-strain curve suggests the opposite, if the 
term p d^/de* is negative as it is in our case.
The law of effective pressure seems to hold throughout the experimental 
range. This is consistent with the idea of the granular flow, which is likely to 
maintain both high porosity and connectivity of pores.
Anita Bay dunite: It always has been a problem to elucidate the 
mechanisms involved in the deformation of olivine rocks. Although it has been 
suggested from microscopical observations that most of the strain is due to 
slip within the grains, there is a difficulty, particularly in the regime of low flow 
stresses in polycrystalline olivine aggregates, with intergranular 
incompatibility arising from the insufficient number of independent slip
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systems in olivine (von Mises criterion - see Groves and Kelly (1963), 
Paterson (1969)). The experiments done on single crystals as well as studies 
of polycrystalline material of variable grainsize point to the conclusion that at 
least under conditions where free water is present, the activity along the grain 
boundaries becomes increasingly more important for the accommodation of 
strain. A series of experiments done at varying effective confining pressures, 
which enables us to at least recognize the presence of cataclastic flow, could 
therefore throw a further light on the processes involved in deformation of 
olivine aggregates.
The results of this study suggest that there is a recognisable influence of 
the effective confining pressure up to 1613 K. In particular, anomalies as seen 
in the run at pore pressure of 250 MPa at 1613 K, which coincide with a 
peculiar behaviour of the volume curve (fig E-16d), are a very strong 
indication of an intimate relation between the resistance to deformation and 
effective confining pressure. The effect of pore pressure at the temperature up 
to 1383 K is very strong and points to some contribution of cataclasis in the 
deformation of wet Anita Bay dunite.
The results of this study also suggest some possible discrepancies in 
certain interpretations of previous observations. The comparison of the 
rheological behaviour documented in this study with experiments designed to 
establish the difference between "dry" and "wet" conditions (Chopra (1981, 
Karato et al. (1984)), indicates that the rock was deformed under wet 
conditions. It has been argued by Chopra (1981) that the abrupt work­
hardening he measured after a jacket failure is due to the fact that the partial 
loss of effective confinement results in a transition to brittle fracturing and 
subsequent flushing out of the water deposited along the grain boundaries. 
This process is supposedly responsible for a change to a deformation under 
dry conditions, which requires higher stress. The evidence against that 
argument is three fold: Firstly, that suggestion is in contradiction with direct 
measurements on the influence of pore pressure, which shows appreciable 
stress drop associated with a decay of confining pressure. Secondly, 
specimens deformed in this study were, according to Chopra's model, all 
flushed with argon (see section D.1.p.14) and therefore should have been 
behaving as dry rocks and thirdly, the tests performed on porous and 
nonporous samples showed that when the effective pressure acting on the 
outside surface of the jacket drops below about 20 MPa, the interface between 
the specimen and the jacket looses any sealing ability and massive drops of 
pressure can result from a flow along that interface. Furthermore, it is hard to 
accept that the permeability of this rock is sufficient to allow any substantial
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penetration (and flushing) of the gas into the rock on the time scale of the 
observation. In spite of these arguments I am not, however, able to present 
any more feasible explanation.
Although the absolute values of the volumetric displacements (Figs. E- 
16a-d) might be subject to a large error due to their small magnitude and the 
irregular shape of deformed samples, they show a definite trend, which is 
consistent with previous materials: An initial compaction, which as strain 
increases further (depending on the pore pressure) is replaced by the 
tendency to increase in volume. It has been suggested by Paterson (personal 
communication) that part of the observed compaction might be an apparent 
effect due to the release and expansion of water released from the 
dehydrating platy minerals and trapped and kept at a higher pressure in 
isolated bubbles. The volumes so identified, though, should only be 
comparable with the changes of volume given by the compressibility of water, 
which is indeed a small amount compared to what has been measured. 
Surprisingly though, the tendency to dilatation is preserved throughout the 
experimental range and it is recognised even at 1613 K, when high pore 
pressure was maintained. While the total volume of newly opened voids which 
was detected approaches 1% of the volume of the sample at pore pressure of 
250 MPa at 1273 K, this value drops to about 0.1% when the temperature is 
increased to 1613 K. This indicates appreciable permeability induced by the 
deformation of Anita Bay dunite right up to (or above) 1600 K! Nevertheless, it 
must again be stressed that the question of a "free" passage along the jacket- 
specimen interface was never satisfactorily answered.
c. Permeability implications
The experimental programme has so far shown that the processes of 
straining can lead to the opening of new void spaces in granular masses such 
as rocks. The close agreement between the volumetric observations made by 
Edmond and Paterson (1972) and those made during the course of this study 
suggest that in most experiments (with the exception of the tests where the 
pore pressure was very low), the fluid which moves in or out of the specimen 
reflects with a fair degree of fidelity the total changes of volume within the 
deformed rocks. This in turn requires a close to uniform pressure distribution 
along the length of the specimen and according to the model presented in the 
section D.1.(p 11), the permeability, which would allow such a distribution, 
must be in excess of 1 0 18 m2 for 20x10 mm sample. This is a figure much 
higher than expected for undeformed rock, particularly in the case of such a
F. PREAMBLE
1. The derivation of the Fourier equation
Darcy, who was interested in the flow of fluid through a porous medium 
set up an experiment (Darcy (1856) in which he passed water through a layer 
of sand and concluded from his observations that the the volume of water Q 
which flowed out of the sand per unit time was directly proportional to the 
height of the water column, to the crossectional area of the sand layer and 
inversely proportional to the thickness of the layer, the constant of 
proportionality being K. The height of the water column, of course, represents 
pressure and that divided by the thickness of the sand layer determines the 
pressure increment per unit length; in differential form - the pressure gradient. 
Thus
q = - K A ^ 2 -  ( !)
x dx
Dividing both sides by A will give an expression for the flux.
Hence we can derive the differential equation of flow in the same manner as 
Fourier (1822) derived his equation of heat conduction, by considering an 
element of a solid in the shape of a parallelepiped whose three planes 
intersect in a point P ( x , y , z )  and the other three planes in p' 
(x+dx,y+dy,z+dz).There is a certain amount of fluid trapped in the solid and so 
the rate at which fluid flows into the parallelepiped in the direction x is given 
by
(
and the rate of the flow out is given by
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So the rate at which fluid is accommodated in the element due to the flow 
along x is
öf
- -=r -^ dx dy dz 
ox
and the total rate of gain is given by
3 f 3 f 9 f ^
- J L  +  —L  +  —L  
L dx dy dz J dx dy dz (2)
This "deposition" of fluid in the element is possible because of the 
compressibility of the rock-fluid system. Therefore the rate of gain must also be 
equal to
ß's| r dxdydz (3)
where ß's is the fluid storage capacity per unit volume, which is defined as the 
volume of fluid which must be injected or released from a unit volume to cause 
a unit change of pressure. Thus we arrive at
( d f  df d f \
(a T + a7+ ar) 0
or
/
\
->.2 -.2 -,2dp dp dp
— —  + — —  + — -
- 2  2 -v 2
dx dy dz /
PsH dp 
k dt
0 (4)
if we write K = k/rj, where r\ is the dynamic viscosity of the pore fluid and k the 
permeability of the element. Thus Darcy's constant of proportionality K is split 
into two constants separately describing a property of the pore fluid and a 
property of the solid. The last equation is the analogue of the Fourier heat 
equation.
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2.The determination of permeability - an overview of the methods used
a. Nomenclature, general
The permeability of a porous substance can be measured either directly 
by investigating the flow of fluid though that substance or by methods of 
analogy when the flow of fluid is, for example, substituted by electrical current 
(see Archer (1942), Wyllie and Rose (1950), Wyllie and Spangler (1952), 
Windsauer et al. (1952), Wyllie and Gregory (1955), Street (1958), Brace et al. 
(1965, Brace and Orange (1968), Brace (1977), Walsh and Brace (1983), 
Paterson (1983) and others), assuming that the current would follow the same 
path as the fluid. In the next section I shall only be concerned with some 
methods using the flow of fluid.
In general, two groups of fluid flow experiments have been carried out in 
laboratories in order to determine the permeability of a rock sample. They are 
usually referred to as 1. the "steady state" method and 2. the"transient" 
method, sometimes also called the "transient pulse" method. It is usually 
understood that the steady state method is the one in which the upper and 
lower ends of the sample are kept at constant pressures and the permeability 
is then obtained directly from Darcy's law. When the permeability of the 
specimen is too low, this method becomes impractical and researchers turn to 
the second type of experiment, in which pressure rather than volume is 
monitored and which makes use of the transient state of the pressure 
distribution during the reequilibration period after a sudden step in pressure 
has been applied at one end of the specimen. Thus the "steady state" method 
uses the steady state part of the solution of the appropriate boundary value 
problem and the "transient" method uses the transient one. This convention, 
however, becomes confusing with the introduction of the oscillatory method 
which is essentially also a steady state one. From now on I shall therefore 
refer to the "constant pressure difference" method, the "transient step" method 
(transient because we do not maintain the step and allow the pressure to 
decay. The term "pulse" is in this case inappropriate because it describes a 
infinitely short departure from a steady level) and the "oscillatory" method, 
under which I, for the time being, understand a sinusoidal oscillation.
In the following sections I shall briefly present the development and the 
current state of the transient step method, which was introduced by Brace et 
al. (1968) and which is now widely used, and I shall consider a little more 
closely the boundary value problem of the "simple" constant pressure 
difference method, namely, the transient part of its solution.
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b. Constant pressure difference
With the increasing appreciation of the role of fluids and their movement 
through the Earth's crust, there is a need for experimentalists to set up an 
experiment in which they can investigate the interaction between rock masses 
and fluids under controlled conditions. One such proposal (S.F.Cox - personal 
communication) suggests passing water through a sample and studying the 
changes to the geometry of the rock matrix and its rheological behaviour due 
to dissolution - redeposition processes. To extend the utilisation of such an 
experiment to a fuller extent, on-going measurements of permeability could be 
taken, provided that the data is gathered in a time scale sufficiently short in 
comparison with the rate of changes taking place within the rock.
The method of constant pressure difference seems to offer itself as the 
most appropriate one in this case. To verify its usefulness we consider the 
boundary value problem:
ap
k 3t
=  0
with initial and boundary conditions
( 1)
p(x,0) = 0 for 0 < x < L  (2)
P (0,t) = pj
p (L,t) = p2
If we are interested in the steady state part only, i.e. in the situation where 
the pressure at each point is independent of time and is a function of x only, 
the equation (1) reduces into
ÖX
which is satisfied by
p = Pl + (p2 - Pl) £ (4)
However, for experimental purposes, when the usefulness of the steady 
state method is to be evaluated as a function of experimental conditions, it is
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However, for experimental purposes, when the usefulness of the steady 
state method is to be evaluated as a function of experimental conditions, it is 
also essential to know the influence of the transient part of the solution in the 
time domain.
Since our boundary conditions are independent of time, we shall proceed, 
as suggested by Carslaw and Jaeger(1959), p. 29, by simplifying the general 
problem
32p 1 3p
3x2 a  dt
(5)
with p = f(x) initially and p = <J>(t) at the surface, by expressing the solution as a 
sum
p = u + v (6)
where u is a function of x only, which satisfies
throughout the solid and 
u = <j)(t)
at its surface.and v is a function of x and t prescribed by
1 dv
0 for 0 < x < L and t > 0
v = f(x) - u for 0 < x < L and t = 0
v(t) = 0 at x = 0, x = L and t >0
Applying this method to our case we get:
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and
± ü = o for 0 < x < L
dx2
u(0,t) = px 
u(L,t) = p2
l1
a2v ß'sn  9v „
0x2 k 3t for 0 < x < L
v(t) = 0 for x = 0 and x = L
v(x,0) = Vj - u
(7)
(8)
The boundary value problem (7) is identical to (3) and it is therefore satisfied 
by
u = Pj +(P2-P ,)£
The solution of (8) is derived by Carslaw and Jaeger, p. 94, as
v
V  . n!tX -KnVt/ß^L2 
/  a sin—— e
jL-4 n L
n=l
where
K = k
?!
(9)
o
sin "IT
and
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Hence we have
P = Pj + (P;
. X
P2) r  +
o o
& rmx sin —— e 2  7 2-Kn n i  / ß L
n=l
J (p , -P ) s in27 L
n tc£
~ L ~
and therefore finally
P
( - l ) n+1 . M I X  - K n V t / ß sL2
--------- sin —-— e
n L
( 10)
Fig. F-1 shows the behaviour of the transient part of (10) in the time 
domain for various permeabilities at a given fluid storage capacity of the unit 
volume of the rock sample. After a sufficient time has elapsed and the 
transient part has decayed below a significant level, distribution within the 
sample should be linear and Darcy's law can be used directly for the 
estimation of the permeability.
60003600
TIME/S
Fig F-1: The decay o f the transient part o f the pressure history w ithin a sample measured by the 
method of constant pressure difference. Numbers on curves signify log (permeability/m2).
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The actual time needed for reasonable evaluation depends on the 
resolution of the volume monitor and therefore principally on the resolution of 
the pressure sensor which operates the monitor and on the storage capacity 
of the downstream reservoir.
Fig. F-2: The departure o f the pressure within a sample from the steady state level for various 
times. The pressures in the upper and lower reservoirs are kept at constant levels.
For the sake of illustration, let's assume that we want to do such an 
experiment with water (viscosity rj = 380 p.Pa s) on a 2 cm long quartz 
aggregate of 10 mm diameter. The storage capacity of our downstream 
reservoir is 10*16 m3Pa’1 and we want to maintain a pressure difference of Ap 
= 10 MPa across the specimen. It is easy to see from expression (10) and fig. 
F-2 that the maximum departure from a linear distribution will always drift to x 
= L/2 and if this is to be less than say Ap / 100, then a waiting time of about 
2700 s (45 mins) is necessary, unless the permeability is over 10'19 m2. Let us 
further assume that our pressure transducer is capable of resolving a 
minimum pressure increment of =  100 KPa. Since the storage capacity of the 
reservoir is defined as the decrease of its volume resulting in a unit increase 
of pressure, it will take time
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ß*|Pi TI 10'16 x io5 X 380 X io ' 6 t. = —  = --------------------------------  = 0.05 s
1 i a a -18 -4 7k A Ap 10 x78x  10 x 10
to build up the pressure increment detectable by our transducer.
The quartz will dissolve in the flowing water until it reaches a certain level 
of concentration, which will be a function of the position due to the pressure 
gradient over the length of the sample. Thus the concentration of quartz 
dissolved at the upper end of the sample will get above the saturation level as 
the solution progresses towards the downstream end. The excess of quartz 
will therefore be redeposited, which may ultimately result in a decrease of 
permeability. If the flow history looks as depicted in fig. F-3, the permeability at 
each time instant can be estimated from the gradient of the Q vs t curve.
1500
Time Is
Fig. F-3: The decay of flow through a sample due to solution-redeposition processes
c. Transient step
Because it is technically much easier to measure pressure than flow rate 
in low permeability experiments, Brace et al. (1968) introduced and applied 
the method of transient step. In this method two reservoirs are connected 
through a sample.A sudden increase of pressure is induced in one of the 
reservoirs and without any further interference the system is allowed to 
equilibrate to a new pressure level, which is determined by the magnitude of 
the step, the storage capacity of the sample and the storage capacities of the 
reservoirs. One is thus interested in the transient part of the solution, from 
which the sample permeability (and also bulk compressibility of the sample) 
can be derived. The equations describing such situation are:
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a2p ß,n 9p n
9x2 ’ k *
for 0 < x < L and
P = o for 0 < x < L and t
p = pd(t) for x = 0 and t > 0
p = pu(t) for x = L and t > 0
where pd and pu are defined by
ß / l  dp
x=0
d ‘ ~^d
k A  dt
for t > 0
Ph = ° at t = 0
ÜP.1 ,
d x J k A  dt
x=L
for t > 0
p =Pnr u 0 at t = 0
Brace et al. used a simplified version of this problem and found a solution in 
the form
P
where a is a function of permeability, V j  and V2 are the volumes of the 
upstream and downstream reservoirs respectively and Pf is the final pressure.
This was further improved by Lin (1977) and the boundary value problem 
and its application has finally undergone a very thorough treatment by Hsieh 
et al. (1981) and Neuzil et al. (1981) who arrived at the solution
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1+ß+Y
+ 2L exp (-avn2)(ßnVn2/ß)
n=1 f yV* / ß2 + ( Y2ß+T2+Y+ß ) V2/ß +( ß2+Tß+ß )
pd _ i 12 y 1____________ e xp (-g y2) ( ß - w 2/ß)_____________
P° 1+I5+7 n=1 [yV„ / ß2 + (72ß+72+Y+ß ) V2/ß + ( ß2+rß+ß) ]  cos \|»n
where \j/n are the roots of
(1 + y)  V
tan v  = 2---------—
rv2> ß -  ß
which is an expression describing the pressure history as a function of 
dimensionless parameters a,ß,y. From the plots of the theoretical solution in 
dimensionless parameters and the experimental data drawn in the same 
scale, one can easily graphically estimate the permeability and the fluid 
storage capacity of the studied rock. See fig F-4.
o «10
Fig. F-4: The effect o f the dimensionless parameter ß (at a given y) on the pressure history in the 
upstream and downstream reservoirs in the transient step method. A fter Hsich ct al (1981)
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G. Sinusoidal oscillation - theory
1. General solution for linear pressure transfer into the downstream
The transient step method as presented by Hsieh et al. (1981) and Neuzil 
et al. (1981) is very easy to use and it is theoretically reasonably precise. Its 
drawback, however, is that it is still a graphical method and also that its 
interpretation can easily be obscured by a noisy signal. For example the initial 
pressure step will cause a temperature increase which will slowly relax and so 
distort the curve of pressure decay due to the flow through the specimen.
From the point of view of Fourier analysis it is a "polychromatic" 
experiment containing all frequencies. So if there were a dependence of the 
rock parameters on the frequency of applied pressure disturbances, the 
method would not reveal it. For this reason it would be desirable to apply a 
pressure variation of controlled frequency which would permit a frequency 
dependence to be detected. It would also facilitate computerised data 
processing via the fast Fourier transform (FFT) and that will further, as will be 
shown in G.5., improve the precision due to its filtering effects. So I shall 
present another boundary value problem in which the initial pressure is 
constani and uniformly distributed across the specimen; sinusoidal pressure 
variation is induced in the upstream reservoir and linear pressure transfer 
takes place at the downstream face. The equation is:
reservoir
d2p ß> 9p
dx2 k ^
0 for 0 < x < L and t > 0 ( 1)
with initial pressure distribution
p(x,0) = 0 for 0 < x < L (2)
and boundary conditions
p(0,t) = pd(t) for t> 0 (3)
p(L,t) = pu(t) for t > 0 (4)
pdand pu are functions of time and obey equations:
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M dPd
kA dt (tr) =° ,or t>0
x=0
(5)
Pd(0) = 0 (6)
pu = PA sin (cot+5) (7)
Pu(0) = 0 (8)
where
p = the pressure in the sample
pd = the pressure in the downstream reservoir
pu = the pressure in the upstream reservoir
x = the distance from the downstream face of the sample
t = the time elapsed from the start of the experiment
PA = the amplitude of the generated oscillation
L = the length of the sample
A = the crossectional area of the sample
k = the permeability of the sample
rj = the dynamic viscosity of the pore fluid
ß's = the specific storage of the sample. It is given by
ß; = Cb+<j)Cf - ( l  + (j>) C
Cb is the bulk compressibility of the sample, Cf is the 
compressibilityof the pore fluid, Cr is the mean 
compressibility of the rockforming minerals and 4> is the 
porosity of the sample.
ßd = storage of the downstream reservoir; it is defined as volume Vf 
of fluid at pressure pQ, which must be injected / released from 
the reservoir in order to cause a unit change of pressure in 
that reservoir.
The subsidiary equation for the transformed time variable o is
0 (9)
with boundary conditions
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är) - x°p=0
x=0
at x=0 (10)
and
P = P
co cosö + a sinS
A 2 2a + co
at x=L (11)
X and q are then given as
KA * V  K  '
where K = — 
r|
(12)
The solution of the subsidiary equation is:
p = P
co cosö + G sin5 (q+^.a) eqx + (q-Ä.G) e 
a2 + co2 (q+>.a) eqL + (q-^G) e’qL
-qx
(13)
which can be rewritten as
p = P
co cosö + G sinÖ q cosh(qx) + Xo sinh(qx) 
G + co q cosh(qL) + X<3 sinh(qL)
(14)
Function (13) or (14) does not appear in the tables of transforms hence we 
shall perform the inverse Laplace transformation using the Bromwich 
integral
c+i°°
p = — I e+mp(G)dG (15)
270 J
O -joo
to obtain
(16)
f*A f  0) cosS + g sin5 q cosh(qx) + Xg sinh(qx) ^ot
2ni j  o2 + 0)2 q cosh(qL) + Xg sinh(qL)
c-ioo
where c is a real positive constant, chosen to be sufficiently large so that all 
singularities of p(a) lie to the left of the line (c-i^c+ioo). <3 is now, unlike in the 
previous treatment, considered to be complex. The integral (16) can be 
evaluated by residue calculus; p(g) is a single valued function of g , therefore 
there are no branch cuts or branch points in the complex domain. A quick 
examination of eq. (16) reveals that two of the poles of the integrand are 
located at alf2 = ±ico and that the rest of the poles Gn lie on the negative real 
axis. Therefore the path of integration will follow a large semi-circle T of radius 
R enclosed by the line x=c, where c can be any real positive number.
Because the integral over the semi-circle r  vanishes as R approaches infinity, 
the evaluation of the contour integral reduces to the evaluation of the line 
integral along (c-i°o;c+ioo). The value of this integral, in the limit, can be 
determined using Cauchy's theorem as 2n\ times the sum of the residues at 
the poles of its integrand:
p = 2ni Res(Gn)
n=l
(17)
where Res(o ) are the residues calculated at poles g of the integrand of eq. 
(16).
The couple of poles o at iico indicates that the solution has a periodic
I
component and the poles a , which, as will be shown, are negative real
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numbers, represent the transient part of the solution which diminishes with 
time. Let us now evaluate an The associated singularities are determined by
q cosh(qL) + Xg sinh(qL) = 0 (18)
This equation can only be satisfied if ql is imaginary, i.e.
qL = i\j/ (19)
where \\f is a real number. Therefore using (12)
ß'L2
where \j/ are the roots of the equation
. Kv2 . n\ | f cos\ \ f  -  X -------sin\j/ = 0
p;l
Substituting (12) into (21) gives
ß'AL 
tan \|/ = —-----
ßdV
(20)
(21)
(22)
where \jrn->(2n+l) n/2 as n->oo
Since the integrand of (16) can be expressed as a fraction of two polynomials, 
the residue at each pole can be determined by
Res(o)
fd«»
(23)
fn(a) being the function of the nominator and and fn(a) the derivative of the 
denominator,i.e
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co cos5 + a sinS q cosh(qx) + Xg sinh(qx) at 
RCS(Q ) -- ' r  —• 0n 2 2 r . 1
a +C0 d/ckrl q cosh(qL) + Xg  sinh(qL)J 
which after substitution results in
(24)
(  ß'L2co cos5 - K\j/ 2 sin8 )
Res(o ) = 2Kß" AL\|T
ßnV
cos(^\j/ ) - -T - 2- sin fyr ) 
ß AL
-Kv|/2nt/ß 'sL
( K 2v V ß V c o 2)  ( ß ^ - ß »  cosyn + Vn(ß 'AL+2ßd) sin\|/n
where ^ = x /  L and y n are the roots of y  = arctan (ß^AL / ß^y) 
The solution for the transient part is therefore given as
P. = 2PAK ßA L
oo
X
(ß'sL2co cosS - K y 2 sin8 )
ß ,y
cos(^v ) - s inßv )
ßsAL
( kV :+PV co2)  ^(ßdv 2-ß'sA L) cos\|/n + v n (ß jAL+2ßd) sinyn]
- K ^ t / ß ' sL 2
y  eT n (25)
The solution for the periodic part is found in a similar way. We write
co cosS + a sin8 q cosh(qx) + Xg  sinh(qx) at
R e s ( ( J j  2 )  2  2  ®
d/dG (o + co ) q cosh(qL) + Xg  sinh(qL)
(26)
which results in
pper = PA a [  sin(cot+5+i^) J @7)
where
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K(l+i) cosh[Kx(l+i)J + -iV .-  sinh[Kx(l+i)J
K(l+i) cosh[KL(l+i)J + sinh[icL(l+i)J
(28)
k( 1 +i) cosh[ Kx( 1 +i) ]  + ■ sinh£ kx( 1 +i) J
$  = arg
KA
K(l+i) cosh[icL(l+i)] + sinh[KL(l+ i)]
(29)
and
- V i (30)
Finally, the solution of our boundary value problem is the sum of the periodic 
and transient parts and therefore given as
p = Ppcr+  P tx=  PA a sin (<*>t + 5 + $) +
^ßslA o  cosS - Kaj/^ sinöj
+ 2PAKßsAL
PhV
cos(^v ) - - p - Ü- sin(^Yn) 
n ß ALY
n=l ( k 2\|/V pV “ 2 j (ßdy 2-ß 'AL) cos\)/n + (ß \\L+ 2ß d) sin\)/n j
■KY„2t /ß 'L 2
• v ; e
(31)
and for 5 = 0:
p = a PA sin (cot + d) +
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+ 2 PAKß's2AL3(ü y
n=l
ßnV
cosßy ) -  - r - 2. sinßy ) 
ß AL ”
(KV> ß'sL4“ 2) [ ( ß A -  ß'sAL)  cosvn+ (ß'sAL+2ßd) sin\|/n
- K ^ t / ß L 2
.x Vn e (32)
a and $ being defined by (28) and (29).
2. Limiting cases
When the volume of the downstream reservoir becomes negligibly small, 
there is no flow across the lower boundary and (5) becomes
= 0 for t> 0
x=0
and the solution
a  PA sin(cüt+S+0) + 2PAK7i
oo
X
n=l
(- l)n(2n+l)z4ß Lzco cos5 - K (2n+l)Vsin8
K (2 n + l)V  + 16ßVco2>2. 4
-KV2t/ß 'L 2
y eTn (33)
where
cosh KX(l+i)
cosh KL(l+i)
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cosh Kx(l+i)
ß  = arg
cosh KL(l+i)
and for 5 = 0:
(-1)" (2n+l)2 cos
2 (2 n + l) jc x  -K(2n+l)V /4 ß '! L2 
I — —------ e
p = a PA sin(cot+i3) + 8PAKß'sL2(öJt2
K (2n+ l)V + 16ß'2L4co2n=l
(34)
(expressions (33) and (34) could, of course, be obtained by substituting ßd = 0 
into (31) and (32). )
Another special case arises, when the storage of the downstream 
reservoir approaches infinity, i.e. pressure in that reservoir remains constant. 
This case is, however, of little use to an experimentalist and its solution is 
presented here just for interest's sake.
The subsidiary boundary value problem takes the form
p(x,0) = 0
P(0,t) = 0
p (L , t )= P A
co cos8 + g sin5
and leads to the solution
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P
c+i°°
I co cosS + o sin8 sinh(qx)
2jri J o2+ co2 skh(5L)
c - io o
o t
e da
which upon integration results in
p = a  PA sin (cot + 5 + ft) + 2k P K
oo
I n ( - l)n  ^ßsL2co cos5 - K n W in S  j„ 2  4 4 r>2T 4 2K n k + p L co
-KnV /4ßL2
sin (nji^) e
where
sinh Kx(l+ i)
sinh KL(l+ i)
and
$ = arg
sinh Kx(l+ i)
sinh KL(l+ i)
3. Steady state solution for semi-infinite sample
In many cases the upstream face will not feel the effects of the downsream 
end and to simplify the calculations, one can proceed as if he (or she - better 
be careful about this!) had a semiinfinite sample. The equation G.1.(1) will 
apply, with boundary and initial conditions
p(0,t) = PA sin (cot) and p(x,0) = 0 ( 1)
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Equation G.1.(1) is linear and homogeneous with constant coefficients, hence 
we may, in this case, separate the variables by writing that
P = X T (2)
where X is a function of x only and T of t only. After substitution we arrive at
T
or
2
d X
X  , 2 dx
a u 1 
T dt
(3)
(4)
where
a  =
k
The two sides of this equation are functions of completely independent 
variables; they can only be equal if each is equal to a constant, which we 
choose to call X 2 . The solution of the partial differential equation G.1.(1) is thus 
reduced to that of the two ordinary DE:
—Y  ” X^2 = 0 (5)
dx
and
££.Zx2=°
^  a
(6)
It is easy to see that eax and ebt would satisfy eqs. (5) and (6) respectively, 
provided that a = ±Xand b =  X 2/ a .  Due to (2) the solution of G.1.(1) is
P Ce
ax+bt
(7)
Since b = a2/g ,  (7) can be rewritten as
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p = C exp (bt ± x yötb ) (8)
Putting b = ± i y (where i = V-l) we obtain
p = C exp ( ± iyt ± x ^ ccy , /+ !  ) (9)
p = C exp
I------
l±xV — Jexp ± i yt ± x
/wS
V 2k
(10)
Equation (10) contains a number of solutions from which other particular 
solutions can be derived by addition such as
p = C exp _x
which results in
I— I I— \i r t I— \
/ynßs J . /m ß 's . /m ß 's
(i d
p = C] sin
I------ \
/ynp;r +xv —  J
-x ^ /ynß's/2k
(12)
If we further substitute co for y and put Cj equal to PA, the function which 
satisfies the equation G.1.(1) and the boundary condition (1) is
P PA sin (cot - x J oynß's / 2k j
-x^coriß's/2k
e (13)
The equation (13) represents the steady state part of the solution of the 
boundary value problem. When a complete solution, including the transient 
part, is needed, the best procedure is to use the Laplace transform and this 
has been done by Carslaw and Jaeger, p. 317.
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4.Design implications
Upstream end: While designing the top end of the apparatus one is 
primarily concerned with the volumes involved and with the kinetics of the flow 
through the upper face of the sample.
For reasons stated in chap. D.3. it is desirable to keep the volume in the 
upstream reservoir as small as possible, if dilatancy and permeability are to 
be measured during one deformation experiment. It is therefore helpful to 
know how much fluid will actually be passing through the upstream face of the 
sample.
The expression G.3.(13) is an equation of wave propagation whose 
amplitude diminishes exponentially with the depth of penetration. It is worth 
noticing that the rate of decay is frequency dependent - the lower the 
frequency, the further a disturbance of detectable level will propagate. The 
maximum pressure variation at any point x, or the range of pressure is then 
simply given by
where T is the period of oscillation.
The rate of flow across any cross-section normal to the pressure gradient 
is driven by that pressure gradient and provided that Darcy's law holds, it is 
given by
The total volume of fluid which pases through the face of the sample in 
one direction during one half-period is thus
P =2Pa eA (1)
(2)
where
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-7t/4co
(notice that the time history of the pressure gradient is out of phase with 
pressure by T/8)
The relation (3) is graphically represented by fig. G-1, which illustrates the 
effects of the period / frequency on the volume displacements.
lg  k  =  -21  
lg  k  =  -2 0  
lg  k  =  -19  
lg  k  =  -1 8 .6  
lg  k  =  -1 8  
lg  k  =  -17 .3  
lg  k  =  -17
F ig . G -1 : T h e  vo lu m e flo w  accross the upstream face during  one h a lf  period  as a function  o f  period; 
variable perm eab ility
It is seen from eq. G.3.(13) that a maximum or minimum pressure will 
occur at x when
(2n + 1) I (4)
i.e.
t
X
(2n + 1) - |  + x
CO
(5)
even n representing a maximum, odd n representing a minimum.
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From eq. (5) the time lag x, the apparent wave velocity va and the 
wavelength X can easily be derived:
It should be pointed out that a) the apparent wave velocity (eq. (8)) is only the 
velocity of the wave motion and has nothing to do with the actual velocity of 
the moving fluid and b) that it is proportional to the square root of the 
frequency of oscillation.
Downstream end: The lower part of the apparatus must be designed only 
after investigations into the influence of the length of the sample and the 
storage capacity (volume) of the downstream reservoir have been made. By 
looking at figs. G-2 through G-9, which show the relationship between various 
parameters, one can make a number of more or less obvious, but always 
important observations:
i. The amplitude of the observed oscillations decays and the phase 
shift grows appreciably with increasing length of the sample.
ii. An increase in the period of oscillation results in an increase in the 
propagated range of pressure and a decrease in the phase lag (not 
the time lag though!).
iii. The tolerance to the storage capacity of the sample of a given 
permeability is also enhanced by lowering the frequency. For 
example, if we needed an amplitude ratio of 0.01 or better, then an 
oscillation period of 240 s would be useless when applied to a rock 
characterised by k = 10'19-5 m2 and ßs = 10 9-5 m3Pa-l, while 1920 s 
would be sufficient.
iv. Similarly, for every amplitude ratio / phase shift there is a certain 
threshold of the downstream storage below which a rock of given 
parameters could not be successfully tested.
A further insight and understanding of the influence of various parameters is 
provided by figs G-10 to G-12. In conclusion the following statements can be 
made:
(6)
(7)
(8)
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Fig. G-2: The influence of length of a sample on amplitude attenuation for various 
permeabilities. From eq. G. 1.(32)
D IA M E TE R  STORAGE CAPACITY DOWNSTREAM STORAGE P ER IO O  V A R IA B LE *
1 0 . 0  AM » 6 *  P « ?  »0 * *  N *P «r* 9 6 0  S P E R M E A B IL IT Y
- 2 . 0
-5 .0
10
LENGTH/MM
Fig. G-3: The influence o f length o f a sample on phase shift for various permeabilities. 
From cq. G. 1.(32)
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Fig. G-4: The influence of diameter of a sample on amplitude attenuation for various 
permeabilities. From eq. G. 1.(32)
LENGTH STORAGE CAPACITY' DOWNSTREAM STORAGE fE R IO O  VARIABLE«
P E R M E A B IL IT Y9 6 0  S1 5 . 0  MM
“ 2.0
“ 3.0
- 5.0
10 11 12 13 14 15 16 17 18 19 20
DIAMETER/MM
Fig. G-5: The influence of length of a sample on phase shift for various permeabilities. 
From cq. G. 1.(32)
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Fig. G-6: The influence of permeability of a sample on amplitude attenuation for 
various periods. From eq. G. 1.(32)
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Fig. G-7: The influence of permeability of a sample on phase shift for various periods. 
From eq. G. 1.(32)
LO
G 
(S
TO
R.
 CA
PA
CI
TY
 « 
Pa
)
LENGTH 
10.0 NH
d i j m e t e «
10.0 NN
DOWNSTREAM STORAGE AM PLITU D E  VAR IA B LE «
- t
to N \  to K«100
- 8 . 0
- 9.0
- 10.0
- 11.0
- 12.0
- 19.0 - 18.0- 21.0 - 20.0
LOG (PERMEABIIITY/M )
Fig. G-8: The relationship between permeability and storage capacity of a sample 
resulting in a given amplitude attenuation for various periods. From eq. 
G. 1.(32)
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Fig. G-9: The relationship between permeability and storage capacity o f a sample 
resulting in a given phase shift for various periods. From cq. G. 1.(32)
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Fig. G-10: The influence of permeability o f a sample on amplitude attenuation for 
various downstream reservoir storage capacities. From eq. G. 1.(32)
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Fig. G -l 1: The influence o f permeability o f a sample on phase shift for various 
downstream reservoir storage capacities. From eq. G. 1.(32)
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Fig. G-12: The relationship between sample storage capacity and downstream reservoir 
storage capacity resulting in a given amplitude attenuation for various 
permeabilities. From eq. G. 1.(32)
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i. Permeability influences primarily the phase shift, while the the 
sample storage capacity is mainly responsible for the amplitude 
damping.
ii. Shortening the length of the sample as well as increasing its 
diameter will "improve" both the amplitude ratio and the phase shift.
iii. Decreasing the volume of the downstream will result in a decrease 
of the storage capacity ßd which will lead to larger a and therefore 
improve significantly the resolution of a measurement.
The most critical point in designing the experimental apparatus remains 
the storage capacity of the downstream reservoir, due to the limited resolution 
of the pressure sensors. The volume of the reservoir should be kept as small 
as possible, especially when working with "compressible" fluids. When 
choosing the frequency of oscillation it should be realised that although the 
increase in period results in a more favourable amplitude ratio, it is always the 
desire in high pressure work, particularly when moving parts and high 
temperatures are involved, to keep the duration of the experiment as short as 
practicable. A decrease in phase lag does not necassarily imply a decrease in 
time lag.
5. Data processing
After a sufficient time has elapsed, the transient part of G.1.(31),(32) will 
be below a significant level and the pressure history in the two reservoirs will 
be as shown schematically in fig. G-13.
£  -0.2 -
-0.4 -
- 0.6 -
- l .o  -
time / s
Fig. G-13: The relationship between the signals in the upstream and downstream reservoir
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In order to obtain the values for permeability and sample storage capacity, 
one has to solve the eqs. G.1.(28) and (29) for k and ß' , where a and ft are
determined experimentally. A sample solution of this system is shown in fig. G- 
14.
LCNSTM DIAMETER 00HAJTAEAJ1 STORAGE PHASE SHIFT AMPLITUDE
10.0 AN 10.0 AN 10** A* h *  -1.707 RAO 0.0*0
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- 11.0  -
- 12.0
- 18.0- 19.0- 20.0
LOG (PERMEABILITY/M )
- 22.0 - 21.0
Fig. G-14: The solution of G. 1.(28) and (29)
When determining the values of a and ft from experimental data, one 
must realize that the signal from the pressure transducers is a sum of three 
components: 1. true pressure signal due to the forced sinusoidal cycling, 2. 
true pressure signal due to temperature variations and 3. electrical noise due 
to temperature effects on the electronic components, RF signal, background 
noise etc. Because the signal of interest is at one particular frequency, we can 
make use of the Fourier transform as a tool for elucidating the values of a and 
and also as a narrow band filter or a spectrum analyser which resolves the 
input signal into discrete frequency cells of width Af = 1/AT where AT is the 
length of the data record. A sinusoidal input will presumably appear in only 
one of these cells'(component 1. - forced oscillation), while the remaining 
signal, if it were a band limited white noise, will be more or less uniformly 
distributed among all cells. If the spectral density of the white noise is D0, then 
the average noise power of any single cell would be Af D0 and if ps is the rms
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value of the signal for the cell which also contains the sinusoidal component, 
then the signal to noise ratio (SNR) of the output is
(SNR)« ( 1)
At the input the average noise power is B D0, where B is the bandwidth of 
the input signal, while the power of the sinusoid remains at p2. Hence the 
input SNR is:
2
(SNR)h = A -  (2)
From a comparison of (1) and (2) we see that a signal enhancement takes 
place during the processing operation. According to Glisson et al (1969), I 
shall call that enhancement the processing gain (PG) and express it in 
decibels as
PG = 10 log
( S N R )out
(SNR)ni (3)
Substitution of (1) and (2) into (3) results in
PG = 10 log
B
10 log (BT) (4)
This is, however, the maximum processing gain, which we may not 
achieve in a practical application. The reason lies in the nature of the finite 
discrete Fourier transform (DFT) (see for example Glisson and Sage (1969)), 
which transforms the input signal spectrum into equi-spaced samples at 
multiples of 1/T. So the amplitude spectrum of a sinusoidal signal of the 
duration T and frequency f0 is
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sin ( f " 9  
w ( f - f o > T
(5)
and the finite DFT will yield
SA(n/T)
sin (Ten - 7tf0T) 
(Ten - 7cfQT)
for n = 0 ,1 ,2 ,... (6)
Thus since f0 is an integer multiple n0 of 1/AT, the expression (6) is equal to 
zero for every n except for n = n0, where it is equal to unity. When none of the 
DFT samples coincides with the signal frequency, that is, when
2n + 1 
f  =  u 
o 2T
then the finite DFT yields samples, which are non-zero for any n . The 
maximum of (5) occurs at n = n0 and n = n0 + 1, where
Hence the actual output signal to noise ratio can drop by as much as almost 4 
dB, when the DFT sampling does not follow the signal frequency. See fig. G- 
15 for graphical illustration.
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Fig. G-15: Discrete spectra of a time limited sinusoid. A) The signal frequency is an integral multiple 
of 1/T. b) The signal frequency is an odd multiple of 1/2T. (After Glisson et al. (1970))
It is important now to investigate how the presence of white background 
noise will influence the determination of the phase and amplitude of the 
oscillation in the downstream reservoir. Fig. G-16 shows an amplitude 
spectrum in frequency domain for a fictitious experiment.
A *
Fig. G-16
The signal is found at an integral frequency n0 and it has a relative 
amplitude of 101. At all frequencies we see the presence of background noise, 
the amplitude of which reaches 105. Therefore we might expect that also at 
the frequency n0 a noise of amplitude as much as 105 can be present. If we 
use
for the sinusoidal signal and
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N e
i(N
where <(>N is random, for the noise signal, the resultant signal will be
*4* c ilk , T i(N R e  = S e + N  e
Thus R and <|>N are given by
R S 1 + 2 y  cos (4>n - <l>s) + (9)
and
arctan
N sin (<j>N - <j)s )
S + N  cos ((|)N - <J>R)
( 10)
Since we do not know the actual SNR at the particular frequency n0, 
expressions (9) and (10) can only be used as an estimation of the worst 
possible case.
Other important factors which can seriously contaminate our pressure 
signal and which we can somewhat correct for, are linear drift, such as for 
example a steady leak from the reservoir, and linear modulation which would 
occur when the permeability was steadily changing during an experiment. 
When both of these phenomena are present and we denote the sinusoidal 
signal as
s(t) = A  sin (cot)
the modulating function as
m(t) = 1 + m t
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and the drift as 
d(t) = d t
then the resultant signal will be: 
r(t) = m(t) s(t) + d(t)
If we consider a data record of a length nN, where N is the number of 
samples per cycle and n is the number of cycles of a duration T0,
■in/2 where v = n (11)
+ .25 -
- .25 -
Fig. G-17a: The discrete Fourier transform of a sinusoidal signal
n
The modulated sine wave Sm(t) = m(t) s(t) will be transformed into
Sm(v)m S(n) [ m  (v - n) - M  (v - n)J (12)
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ie
A mT n2 1It 
S (v) = ——,------- -  e
( 2 Any n  -v  )
for v < n (13)
S (v) = — 
m 2
mnT
f ml 
7L+__°
l + for v = n (14)
Sm(v)
A mT0n2
m 7 2
(  2 ATi yv - n )
for v > n
•«
+.25
-.25
(15)
m < 0
- (-5- + ——
m > 0
Fig. G-I7b: The DFT of a modulating function m(t).
And finally, the transform of d(t) results in
2n
( 16)
i ( 7 l + 7W
d T j l  nN
D(v) = — — e 
2tcv
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dV
2nv
exp5 ^  sign (d) nN 2 (17)
Fig. 17c: The DFT of a linear drift d(t).
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H. SINUSOIDAL OSCILLATION - APPLICATION
I. The apparatus
The deformation apparatus is essentially the same as in the previous 
experiment with the exception of some modifications to the bottom end, which 
enable us to connect a reservoir to the downstream end of the sample. The 
new arrangement is schematically drawn in fig. H-1.
servo-controlpressure
gauge
p -  “ sin <>t
pressure vessel
furnace
confining pressure
specimen
pressure
gauge
Fig. H-1: The experimental set-up
Particular attention must be paid to the jacketing of specimens to effectively 
seal the cylindrical surface. Throughout the experiments on dilatancy I used 
an inner copper sleeve for that purpose and I intended to use the same 
arrangement for the permeability series. In order to test its sealing properties a 
blank glass rod was used instead of the specimen - there was no leak past the 
jacket. Also no leak was detected while using an aluminium cylinder 
machined to a fairly rough surface finish. However, when a cylinder was cored 
out of a glass plate, in the same way as the samples are, an appreciable 
communication between the upper and lower reservoirs could not be avoided 
at even the highest effective confining pressure. A thick-walled teflon sleeve 
was finally found to provide an adequate gasket. At temperatures of 673 K and
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above, the Cu seems also be satisfactory for a dummy nonporous specimen. 
However, this conclusion does not necessarily apply to a rock specimen, 
where the nature of the surface cracking during the sample preparation is 
different from glass, since it may involve relative movement of the grains and 
thus opening of cracks along the grain boundaries, which might penetrate 
quite deep into the sample. If the cracking during the sample preparation 
proved to be a significant problem, the only improvement which comes to my 
mind then is to core oversized samples and grind them to the desired 
diameter; however, this has not been done on any of my samples.
The lowest permeability which we can measure will ultimately depend on 
the resolution of the pressure transducers that measure the pressure in the 
upstream and downstream reservoirs. In order to increase the sensitivity to its 
maximum, it is desirable (see sect. G.4.) to keep the volumes of the reservoirs 
as small as possible and also, unlike in the previous type of experiment, a 
sensitive proportional control system must be employed.
The end result of the pressure gauge development is a sensor and driving 
electronics which can reliably resolve 10 KPa variation superimposed on a 
500 MPa background.
The servo system consists of a series of amplifiers, a motor driving the 
piston which controls the volume in the reservoir, and a pressure transducer 
which provides the feedback. The system is schematically shown in fig H-2.
reservoirM oto r
feedback Pressure
transducer
Fig. H -2: Schematic o f  the servo system
The heart of the servo loop is a summing amplifier which adds up the 
signal from the pressure transducers, a constant voltage from a potentiometer 
that determines the mean pressure and a signal from an additional signal 
generator which dictates the mode of operation. In our case it is typically a 
sinusoidal oscillation, but the system allows simulation of any practical 
boundary condition to the basic equation G. 1.(1), including a constant
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pressure difference on any pressure background up to over 400 MPa (two 
servo mechanisms which permit, if desired, the upstream and downstream 
reservoirs to be controlled independently).
The maximum volume displacement of the piston in the reservoirs is 
approximately 425 mm3, which, according to G.4.(3) is sufficient to determine 
permeabilities well over 10'15 m2 on samples of 10 mm diameter and 
amplitudes up to 20 MPa.
On the other side of the scale, since the storage capacity of the 
downstream reservoir is as shown in fig. H-3 (determined experimentally), i.e. 
it coincides with the function (for pressure in MPa)
ßd = 1731.5 p4 -57 x 10'9 m3/MPa
the lowest permeability we can realistically measure is 10"22 m2for a 20 mm 
long sample and 10‘23 m2 for a 5 mm one.
Pressure /MPa
Fig. H-3: The downstream storage capacity
2. The method
After a sufficient time has elapsed after the start of an experiment, the 
output from the two pressure transducers monitoring the pressure in the 
upstream and downstream reservoirs are, in accordance with G.1.(32), two 
sinusoidal signals differing by amplitude and phase. The fast Fourier 
transform is used to process the raw data in order to obtain the values of a, the
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ratio of amplitudes and ft, the phase shift. These values are then used to 
obtain the permeability k and relative storage capacity ß's of the measured 
sample from G.1 .(28) and (29).
Since the storage capacity per unit volume was shown by Brace et al. 
(1968) to be
ßs = (Ceff+*Cf - ( l+ * )C )
where Ceff is the effective or bulk compressibility of the sample, Cf and Cr the 
compressibilities of the pore fluid and the rock forming minerals and § is the 
porosity of the sample, one can easily obtain the value for the bulk 
compressibility if the porosity is known or vice versa, provided that the bulk 
modulus of the rockforming mineral(s) is also known. Furthermore, using the 
analysis presented by Walsh (1965), one can test the agreement between the 
results obtained from dilatancy measurements and the data for the storage 
capacity obtained by this cycling test. Using the same method as described in 
part I of this work, I measured the changes in the volume of interconnected 
porosity AV as a function of applied effective confining pressure (fig. H-4 ), 
from which the values for pressure derivative of the porosity can be 
determined.
Confining pressure /MPa
Gosford
Solnhofen
Carrara
Fig. H -4: The changes in the connected porosity with applied confining pressure at room 
temperature. Pore pressure of 50 MPa maintained. Specimen size -20x10 mm.
According to Walsh (1965), this derivative is equal to the difference 
between the effective compressibility and the compressibility of the solid 
particles:
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( 1 )
3(l-v)
E
Since Cr for calcite is about 1.34 x 10'11 Pa"1 (determined from Voigt-Reuss- 
Hashin data for bulk modulus by Dandekar and Ruoff (1968)) and about 2.65 
x lO ^ G P a"1 for quartz (Koga et al (1958)), for small porosity, only an 
insignificant error is introduced when instead of (1) we write
^ -  = c eff-  (1440 c r (2)
Thus we arrive at an expression from which, using the data on dilatancy and 
compressibility of the pore fluid, the storage capacity can be predicted as:
ps (3)
The experiments (fig. H-4) provide the values of d<j)/dp and the data in the 
literature point to
Cf = CI ar
P ln (6 ^ 9 5 )
MPa'
(where p is in MPa)
as a function which for our purposes describes sufficiently well the pressure 
dependence of the compressibility of argon over the pressure range used 
in this study. The data for <(> can be obtained by an interpolation of the values 
of the predeformation porosity (table I.) and hence the storage capacities per 
unit volume of Carrara marble, Solnhofen limestone and Gosford sandstone 
can be predicted from the data on dilatancy.
This has been done for the set of experiments at room temperature and 
the results of the theoretical prediction are shown by full lines in the 
appropriate ßs vs Pp plots (figs. 1-2,4,6)
To demonstrate the whole procedure of obtaining the values for k and ßs in 
practice, a particular case of a measurement on Solnhofen limestone will be 
presented now.
Fig H-5 shows the record of the experimental data
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10000 12000
TINE /S
Fig. H-5: The experimental data from a measurement on Solnhofen limestone. The last four cycles 
are considered to be unaffected by the transient and are processed. Notice the steady drift 
due to a leak into the lower reservoir.
Figs. H-6a,b show the discrete Fourier transform of the data points in the 
frequency domain. Notice that the steady drift of the downstream pressure due 
to a small leak into the reservoir seen in fig. H-5 is shown, as expected from 
G.5.(16) and (17) (fig. G-16C), by the concentration of data points into a line of 
hyperbolic decay in the amplitude plot and by the clustering of data points in 
the vicinity of rc/2 in the phase plot. A simple removal of this linear drift from 
the experimental data in the time domain leads to a more acceptable result H- 
7a,b. This particular experiment was run at a period of 2001.4 s, the sampling 
rate was 256 samples per cycle and a total of 6 cycles were processed. Hence 
the amplitude (figs. H-6a,7a) and phase (figs H-6b,7b) at the integral 
frequency 6 correspond to the sinusoidal component at the frequency of the 
forced oscillation which gives a  = 0.073 and d  = -1.84 rad. (This particular 
case was chosen highly selectively because it is a nice text book case of a 
drift and it's removal, which is by no means typical for the rest of the range. 
However, the signal to noise ratio in the amplitude-frequency plots was 
always at least 500:1 or better.)
Substitution of these values in G.1 .(28) and G.1 .(29) and solving for k and 
ßs yields k = 10'201 m2 and ß's = 10'9 95 P a1.
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I. EXPERIMENTS
1. General
The method of sinusoidal oscillation, whose theoretical considerations 
were presented and discussed in the section G., was applied to measure 
permeability and storage capacity of the same suite of rocks as used in the 
part I.; i.e. Carrara marble, Solnhofen limestone and Gosford sandstone.
For compatibility reasons the sample preparation was also the same as 
described in D.1..
Permeability was measured on both deformed and undeformed samples, 
using argon as the pore fluid. In the case of undeformed ones, the sample was 
first subjected to confining pressure, then heated and finally, a pore fluid was 
introduced. The measurements were taken at various effective pressures by 
varying both the pore pressure and the confining pressure in order to check 
on the validity of the law of effective pressure. In order to see any effects of 
hysteresis, two sets of measurements were taken for each sample during one 
run: 1. the permeability was measured on platforms in between increments of 
pore pressure - set A; 2. the permeability was measured on platforms in 
between decrements of pore pressure - set B. In between the sets A and B the 
pore pressure was always increased to 270 MPa, so that all the 
measurements of the set B were taken along the path of decreasing pore 
pressure. In the case of measurements on samples during deformation, the 
initial procedure was similar. After a desired pore pressure has equilibrated, a 
deformation at a strain rate of 10'4 s"1 was initiated. Measurements were taken 
at Ae *  5% intervals; during the measurement, deformation was continued at 
a strain rate which was estimated to give rise to zero volume change. 
Dilatancy was monitored in between the permeability measurements.
In order to avoid any significant changes in the properties of the pore fluid 
and the rock during the pressure cycling, the amplitude of the oscillation must 
be as small as possible. In the ignorance of the effects of amplitude and 
period the amplitude and period were adjusted to the conditions of each run in 
order to keep the time of data acquisition to its minimum. Thus amplitudes 
between 2MPa (at 50 MPa of pore pressure) and 10 MPa (for 250 MPa of pore 
pressure) were used, while the periods used varied from rock to rock for 
particular strains and they were chosen as shown below:
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Fig. H-6a: The amplitude spectrum of the raw data.
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Fig.H-6b: the phase spectrum of the raw data
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Fig.H-7a: The amplitude spectrum after a drift removal
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Fig.H-7b: The phase spectrum after a drift removal.
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0% 10% 20%
Carrara marble 4000 s 4000 s 2000 s
Solnhofen limestone 2000 s 2000 s 480 s
Gosford sandstone 960 s 480 s 240 s
This inconsistency in the choice of amplitudes and periods must have 
resulted in introduction of errors into the measurements. This aspect will be 
discussed on page 90.
If a deformation led to measurable changes of permeability during the 
period when measurements were being taken, resulting in gradual increase / 
decrease of the amplitude of the measured signal, it could perhaps be 
possible (although highly unlikely, since such changes would also result in a 
different phase shift) to recognise signs of modulation of the sinusoidal output 
in the frequency domain plots of the discrete Fourier transform (DFT) - G.5., 
fig.G-17b, whereas a steady leak in or out of the downstream reservoir can 
easily be recognised as in fig. G-17c.
Due to severe time constraints experienced towards the end of the term of 
this study, very little was done in the way of checking on the reproducibility of 
the experiments, however, reproducibility only points to the absence of 
serious errors of random character and any pronounced trend without 
significant scatter therefore partly relaxes the need for reproducibility. 
Nevertheless the results presented and discussed in the next section ought to 
be taken somewhat carefully.
2. Observations and discussion
A suite of experiments was conducted for each rock. Those covered 
measurements at effective confining pressures ranging from 30 to 270 MPa 
and temperatures between 298 and 873 K. Another series of tests was then 
carried out on Solnhofen limestone at room temperature only. The aim of 
these was to test briefly the effects of the frequency of oscillation and also the 
effects of amplitude.
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a. Carrara marble
Carrara marble, 298 K
- 0 -
0% /A
0%/B
10%/A
10%/B
20% /A
20%/B
Pore pressure /MPa
Fig. I- la : The permeability of Carrara marble at different stages of deformation as a function of pore 
pressure. Confining pressure - 300 MPa. Symbol 10%/A in the legend means that the 
measurement belongs to the set A  and was taken at 10% strain.
Figs. 1-1 a-c and I-2, present the results obtained for this rock. The few 
features most obviously noticed on the permeability plots are that
1. the permeability is influenced by the level of the effective confining 
pressure (ECP), particularly so in the region of relatively low values, with the 
exception of the room temperature undeformed specimens, where, when the 
ECP was kept above 100 MPa, the permeability remained remarkably 
constant.
2. the changes of permeability follow, in general, the same pattern as the 
pore volume did during the dilatancy tests - i.e., a decrease corresponding to 
the initial compaction, which is later replaced by an increase as the rock 
becomes dilatant.
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Carrara marble, 473 K
“*■ 0% /A  
-Ö- 0%/B 
- a- 10%/A  
- * •  10%/B 
-»■ 20% /A  
-o - 20%/B
Pore pressure /MPa
Fig. I- lb : The permeability of Carrara marble at different stages of deformation as a function of pore 
pressure. Confining pressure - 300 MPa. Symbol 10%/A in the legend means that the 
measurement belongs to the set A  and was taken at 10% strain.
3. The changes of permeability due to axial straining are quite dramatic, 
almost four orders of magnitude in the case of room temperature.
4. There is a systematic difference between sets A and B; set B almost 
invariably yielding higher values. The last mentioned feature only 
demonstrates what was to be expected: Raising the pore pressure brings 
about two types of volume changes, firstly, those associated with the elastic 
distortion of the grains in the matrix and secondly, those resulting from 
reorganisation of the rock matrix. One could expect that the second type will 
result in the sort of hysteresis seen in the experimental results.
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Carrara marble, 673 K
Pore pressure /MPa
0%/A
0%/B
10%/A
10%/B
20%/A
20%/B
Fig. I-lc: The permeability of Carrara marble at different stages of deformation as a function of pore 
pressure. Confining pressure - 300 MPa. Symbol 10%/A in the legend means that the 
measurement belongs to the set A and was taken at 10% strain.
Carrara marble, 298 K
-9.5 -
- 10. 0 -
8  -10.5 -
- 11.0 -
-11.5-
Pore pressure /MPa
predicted 
set A 
set B
Fig. 1-2: The storage capacity per unit volume of undeformed Carrara marble at room temperature , 
as a function of pore fluid pressure. The full line is the calculated storage capacity as 
explained in H.2.
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It can also be seen that the speculations on thermal cracking, which is 
supposedly responsible for higher levels of initial compaction, as discussed in 
sect. E., seem to be supported by the observations on permeability.
In the fig. 1-2, the storage capacity per unit sample volume is plotted as a 
function of pore pressure. Its discussion, together with the other two rocks 
(figs. 1-4,6) will be presented later in this chapter due to their special 
significance and the light they throw on the dilatancy experiments.
b. Solnhofen limestone (Figs. l-3a-c, 1-4)
In comparison with Carrara marble, it is seen that the permeability of this fine 
grained limestone is generally higher, with the exception of the 673 K series. It 
is also observed that although the effects of initial compaction and subsequent 
dilatation are also displayed, the influence of pore pressure is significantly 
suppressed, particularly at lower strains. This is perhaps in accordance with 
the difference between the character of the majority of pores in the matrix of 
the two rocks. While in Carrara marble a significant proportion of pores takes 
the shape of narrow cracks, which are easily closed by applied normal stress, 
the porosity of Solnhofen limestone is mainly composed of voids at the multi­
grain junctions, which can be expected, as suggested by Walsh(1965) and 
Bernabe et al.(1982), to be more stable with respect to applied confining 
pressure. This result is also in accordance with earlier indirect observation of 
Jackson and Paterson (1986) on elastic wave propagation through these 
materials that Q~\ the measure of internal friction, whose pressure sensitivity 
reflects the closure of voids, is almost pressure independent for Carrara 
marble, when confining pressures over 100 MPa are applied and only mild 
and consistent pressure sensivity throughout the range used is displayed by 
Solnhofen limestone. The total enhancement of permeability by deformation is 
also less pronounced than in Carrara marble, although still significant, 
spanning over a couple of orders of magnitude. The quite high sensitivity of 
the 673 K runs to the ECP at its lower values seems once again to be in strong 
contrast with the results of Fredrich and Wong (1986), who at this temperature
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Solnhofen limestone, 298 K
Pore pressure /MPa
0%/A
0%/B
10%/A
10%/B
20%/A
20%/B
Fig. I-3a: The permeability of Solnhofen limestone at different stages of deformation as a function 
of pore pressure. Confinning pressure - 300 MPa. Symbol 10%/A in the legend means 
that the measurement belongs to the set A and was taken at 10% strain.
Solnhofen limestone, 473 K
Pore pressure /MPa
0%/A
0%/B
10%/A
10%/B
20%/A
20%/B
Fig. I-3b: The permeability of Solnhofen limestone at different stages of deformation as a function 
of pore pressure. Confinning pressure - 300 MPa. Symbol 10%/A in the legend means 
that the measurement belongs to the set A and was taken at 10% strain
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0%/A
0%/B
10%/A
10%/B
20%/A
20%/B
Pore pressure /MPa
Fig. I-3c: The permeability of Solnhofen limestone at different stages of deformation as a function 
of pore pressure. Confining pressure - 300 MPa. Symbol 10%/A in the legend means that 
the measurement belongs to the set A and was taken at 10% strain.
observed very little in the way of thermal cracking in a fine grained Oak Hill 
limestone. As in section E, the suggested explanation is that although the 
anisotropy in thermal expansion of the calcite grains does not lead to the 
opening of cracks under static conditions, being counteracted by faster 
relaxation processes due to the elevated temperature, a physical separation 
of grains can still take place, thus assisting the fast deformation at a strain rate 
of 10"4 s '1 in opening permeable passages, which cannot be nulled by 
relaxation processes. One of the most striking features, is the marked 
decrease of permeability from 473 K to 673K which is in agreement with 
similar observation made on dilatancy and which demonstrates the strong 
thermal activation of the plastic processes which control the deformation of 
this fine grained limestone at elevated temperatures.
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Gosford sandstone, 873 K
Pore pressure /MPa
0%/A
0%/B
10%/A
10%/B
20%/A
20%/B
Fig. I-5b: The permeability of Gosford sandstone at different stages of deformation as a function of 
pore pressure. Confining pressure - 300 MPa. Symbol 10%/A in the legend means that 
the measurement belongs to the set A and was taken at 10% strain.
The overall permeability of Gosford sandstone is rather high in 
correspondence with the high porosity, high connectivity of pores and the 
contribution of cataclasis into the deformation process. We note that the 
results are somewhat more erratic than in the previous two cases concerning
Gosford sandstone, 298 K
o -9.0-
-9.5 “
100 200
Pore pressure /MPa
predicted 
cycle A 
cycle B
Fig. 1-6: The storage capacity per unit volume of undeformed Gosford sandstone at room 
temperature , as a function of pore fluid pressure. The full line is the calculated storage 
capacity as explained in H.2.
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calcite rocks, which is probably due to cracking of coarse grains. As stated in 
the discussion section of part II., the deformation of this sandstone is 
accomplished by cataclastic flow. Therefore it is not surprising that the data on 
permeability does not show any great deal of temperature dependence.
d. Storage capacity
In the fig. 1-2,4,6 the storage capacities per unit sample volume are plotted 
as a function of pore pressure. The full line indicates the storage capacity 
computed from the data on dilatancy as discussed in H.2. pp.74-75. Although 
there is some scatter in the experimental data, it can be seen that a curve 
approximately fitting the data would show a steeper gradient in the case of 
Carrara marble and Solnhofen limestone, starting at lower values at low pore 
pressures and giving higher values at high pore pressures, while in the case 
of Gosford sandstone the theoretical curve is in general an underestimation of 
the experimental one. The discrepancies seen on Carrara marble and 
Solnhofen limestone at low pore pressures might be just another form of the 
frequency dependence, which is going to be discussed in the next paragraph, 
since the data for the theoretical calculation were obtained from a constant 
pressure measurement (an oscillation of zero frequency), thus allowing a 
longer time for the reorganisation of the rock texture. For the opposite 
discrepancies at the high side of the pore pressures, as well as for the 
discrepancy in the case of Gosford sandstone I have no explanation at this 
stage. However, it is remarkable, how closely these data seem to be related to 
the Q - measurements of Jackson and Paterson (1986) (figs. l-7,8) on 
Solnhofen limestone and Carrara marble. In both works there is shown to be 
no sensitivity of the measured parameter to the ECP for Carrara marble above 
100MPa and rather a high sensitivity in the region 0-100 MPa. In the case of 
Solnhofen limestone there is a marked lack of response to the ECP 
throughout the pressure range. It seems to be very likely that both the 
measurements on internal friction in the anelasticity work and the 
measurements on permeability and storage capacity reported in this work, 
may reflect similar factors as far as the pressure sensitivity is concerned.
e. Frequency and amplitude effects.
The consistent difference between the experimental results of the set A and 
the set B, i.e. between the experiments done in the sequence of increasing 
pore pressure and those done in the sequence when the pore pressure was 
decreasing, is probably due to the permanent changes associated with the
31.0
Ö  30.0
o 1st run
•  3rd run
Carrara marble
grainsize 200 pm 
porosity 0.6% 
•train (2-6)x10-  
period 30.72 a
0.002
Q *  0.00074*0.00006
C 0.001
Pressure / MPa
Fig. 1-7: Carrara marble; shear modulus and internal friction as a function of confining 
pressure at room temperature. After Jackson and Paterson (1986).
"* 2nd run
1st run
Solnhofen limestone
grainsiza 4 pm 
porosity 4.4% 
strain 6x10” 7 
period 30.72 a
0.002
-o- Q’ 1 - 0.00100*0.00005C 0.001
Pressure / MPa
Fig. 1-8: Solnhofen limestone; shear modulus and internal friction as a function of 
confining pressure at room temperature. After Jackson and Paterson (1986).
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reorganisation of the matrix as pressure is applied and it almost certainly is a 
feature which corresponds to the hysteresis observed in dilatancy and 
permeability changes due to cycling of confining pressure as reported by 
many researchers before, but its magnitude is surprisigly high in comparison 
with the results recently published by Bernabe (1985a, 1985b) for Chelmsford 
and Barre granite. The difference could be partly explained by the differences 
in the nature of the rocks studied and partly, perhaps, because of the long 
times which were available in this study for the rock matrix to reorganise as 
dictated by the new conditions.
The immediate implication of the difference between sets A and B, if it is 
due to some permanent reorganisation of the matrix as suggested in the 
previous paragraph, is that the parameters measured should also be 
amplitude dependent and further, if this reorganisation involves some type of 
flow (ie. is time dependent), we should be able to detect a frequency 
dependence. A set of experiments was therefore executed on Solnhofen 
limestone to confirm or disprove such a dependence. The results of those 
experiments are shown in fig. I-9.
-18.8 n
-1 9 .0 -
-1 9 .2 -
-19.4 -
-1 9 .6 - □ R = 15 MPa 
♦  R = 3 MPa
10000
Period Is
Fig. 1-9: The frequency and amplitude dependence of the permeability of Solnhofen limestone at 
room temperature. Confining pressure - 200 M Pa, pore pressure - 150 MPa. 
R (range) = 2 Pa
The experiments were all done at a confining pressure of 200 MPa and a 
mean pore pressure of 150 MPa. The periods used were 480 s, 960 s,1920 s, 
3600 s and 7200 s and 8000 s and they were run in two sets, one using an 
amplitude of oscillation of 1.5 MPa and the other 7.5 MPa. Although the effects 
of both the amplitude and frequency are quite apparent in the fig. I-9, the 
reasons for such distinct dependences are not . In the absence of sufficient 
experimental support I present only a short speculative discussion of the 
observed frequency-amplitude dependence. An argument which immediately
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comes to ones mind is that we are dealing with viscous fluid and for that single 
reason there must be a frequency effect. However, if there were any 
appreciable ongoing viscosity changes, or for that matter any other changes 
like opening and closure of cracks, given by the pressure oscillation (i.e. the 
"constants" rj and/or ßs would be functions of pressure) then the equation 
G.1.(1) would represent a nonlinear problem, which would ultimately result in 
a distortion of the output sine-wave. No such distortion has been observed. I 
would therefore be inclined to suggest that perhaps the first wave of the 
oscillation causes reorganisations in the rock matrix, which are, due to the 
hysteresis, irreversible and so the first cycle actually "conditions" the rock for 
the cycles to come. In this case only the first wave would be distorted, but we 
do not see that, since the first one or two cycles are also distorted by the 
presence of the transient part of G.1.(31). The amplitude and frequency would 
thus control the extent of that "conditioning". It must again be emphasized that 
that dependence may not be real, since each of the sets was done on a 
separate single sample and therefore it is quite possible that the differences 
seen reflect just a variation of the parameters of the two samples. Hence in 
order to clarify the problems and questions associated with this preliminary 
work, more experiments and efforts in the way of theoretical analysis are 
needed if any further progress is to be made.
IV» Coiidfoasiiom
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The most important conclusions stemming from this study can be 
summarised in the following points:
1. Dilatancy can be positively identified in the macroscopically ductile 
regime of the studied materials at strain rates of lO'V1 and 10'V1 when high 
pore pressure is maintained even at elevated temperatures. Although the 
extrapolation into the geological strain rates is uncomfortably lengthy, 
indications are that in the absence of a high confining pressure to pore 
pressure ratio, the dilatancy and pore connectivity would tend to diminish 
unless another mechanism (such as dissolution) is actively maintaining the 
connectivity of pores.
2. The low permeability of Carrara marble and Solnhofen limestone 
particularly at elevated temperatures suggests that the volume changes 
measured at low strains are probably an underestimation of the real situation.
3. Cataclasis seems to be assisting the deformation of wet Anita Bay 
dunite at temperatures up to 1600 K, thus partly relaxing the requirement 
dictated by the von Mises criterion of five independent slip systems.
4. An interesting and possibly important aspect of the stability of 
experimental and natural rock deformation has been shown, in which the role 
of the change of pore pressure has been demonstrated. This could be of 
particular importance for mechanism and stability considerations of processes 
involving deformation of bodies of limited permeability, in which pressurised 
pore fluid is present. This hypothesis is based on a simple analysis of the 
equation
dW dev
aw = -----= o  + p —
de1 de:
where awis the work done on unit volume per unit strain. The derivative of aw 
with respect to ex
dCTw _ da + dp d£v + ^ ev 
de. de. de! de. de2
1 I I 1 j
thus signifies the rate (with respect to axial strain) at which work has to be 
done on the deformed body. When the effective confining pressure is high in 
comparison with the uniaxial stress, or substantial changes in the trend of 
compaction or dilatation are encountered, or the effective confining pressure 
undergoes changes during the deformation, a work hardening/softening can
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be experienced by the deformed body, which can remain unrecognised in the 
stress-strain relationship.
5. Development of a technique allowing a reliable microscopical 
observations on specimens deformed under the presence of pressurised fluid 
would be extremely desirable.
6. The method of sinusoidal oscillation of pore pressure for determining 
permeability of tight materials seems to be a useful and powerful technique, 
the main advantages being:
a. insensitivity to experimental noise and short term temperature 
variations,
b. high resolution,
c. ease of operation,
d. possibility of further resolution enhancement and sophisticated data 
processing using the discrete Fourier transform.
7. More work would be essential to exploit the method to its full potential. 
The close correspondence between the results obtained from the 
measurements on anelasticity, namely Q'1 and the results obtained from the 
measurements on permeability and storage capacity as well as the frequency 
and amplitude dependence could be possibly utilised for a more 
comprehensive extraction of information from a limited experimental 
programme. Such collaboration together with the investigations on the surface 
forces and viscosity of thin fluid layers could eventually be very fruitful for oil 
exploration and more effective reservoir exploitation.
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A P P E N D I X
If volume change AQ occurred within the sample per unit time and unit 
volume due to compaction or dilatation during a deformation and if this rate of 
suppression or creation of voids was homogeneous throughout the specimen 
and could be approximated by a simple linear pressure dependence AQ = Qx 
+ oq p over a small range of pressure, then it follows from section F.1. that the 
equation describing such a situation is
92p . „ 9 p  r | ( Q + a p )
— - P tl- t-  = --------- i-r— ------  (A l)0 2 0 t  k
if we put Q = Qj / K, a = oq / K and k  = K / ß's, where K = k /r |, then
(A2)
We shall solve the problem using the Laplace transform. The subsidiary 
equation is
dx2
2 -
q p
Q
a
(A3)
where
2 fTq = — -  a
K
to be solved with
• ^  = 0 at x = 0, p = 0 at x = L and p = 0 initially 
dx
The function satisfying (3) and (5) is
Q ( 1 _ cosh (qx)^
P= 2 1 cosh (qL) J 
p q
(A4)
(A5)
(A6)
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and upon inverse transformation we obtain
Jicos, /  ax
i
-  1
cos, /  aL
16 QL'
/ iXn (2n+l) KX  
(-1) cos----- —------
4-
oo
T ________________
71 aL2- ( 2 n + l) V j  (2n+l)
^ -(2 n + l)2K2+4aL2jK t  /  4ß L
(A7)
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